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Figure 7.8: Uptake of PEGylated quantum dots by A431 cells.   
Figure 7.9: Uptake of 7.5 nm quantum dots by A431 cells.   
Figure 7.10: Costain of A431 cells with Hoechst nuclear stain and 7.5 nm CdTe 
quantum dots.   
Figure 7.11: Staining comparison between CdTe quantum dots coated with an 
amphiphilic polymer and the multidentate polymer. 
Figure 7.12: Color image of green quantum dot-protein A conjugates in an 
agarose gel following 45 minutes of electrophoresis at 100V.    
Figure 7.13: Real color image of red quantum dot-protein A conjugates in an 
agarose gel following 45 minutes of electrophoresis at 100V.    
Figure 7.14: Real color image of green quantum dot-protein A conjugates with 
varying amounts of antibodies in an agarose gel. 
Figure 7.15: Gel image after 90 minutes of electrophoresis, corresponding to 
lanes 2-7 of Figure 7.14. 
Figure 7.16: Fluorescence spectra of (CdSe)ZnS quantum dots mixed with 
different amounts of His-tagged protein.   
Figure 7.17: Fluorescence and absorption spectra of (CdSe)ZnS quantum dots 
and Alexa 546 dye.   
Figure 7.18: Fluorescence and absorption spectra of (CdSe)ZnS quantum dots 
self-assembled with polyhistidine-tagged protein A conjugated to a FRET 





























Figure 7.19: Proliferation assay on HepG2 cells in the presence of cadmium-rich 
and reduced-cadmium quantum dots.   
Figure 7.20: Proliferation assay on NIH3T3 cells in the presence of cadmium-
rich and reduced-cadmium quantum dots.   
Figure 7.21: Proliferation of HepG2 cells in the presence of 50 nM quantum dots 
composed of CdSe or ZnSe.   
Figure 7.22: Proliferation of HUVECs in the presence of 50 nM quantum dots 
composed of CdSe or ZnSe.   
Figure 7.23: Metabolic activity of HUVEC and HepG2 cells after a 24 hour 
exposure to various concentrations of ZnSe, CdSe, and (ZnSe)ZnS 
quantum dots.   
Figure 7.24: ZnSe quantum dots coated in lipid-PEG, prepared fresh and after 
sitting at room temperature for 4 months. 
Figure 7.25: Photographs of vials of lipid-PEG coated CdSe and ZnSe quantum 
dots stored in the dark or exposed to ultraviolet light for 48 hours.  
Figure A1: Simulations of diffraction spectra of CdTe nanocrystals with wurtzite, 










































Nanotechnology is a new multidisciplinary approach to research that is expected to 
make critical advances in a diverse range of fields, from quantum computing to 
biosensing.  Biomedicine has already exploited many nanotechnology platforms for the 
detection and treatment of disease as well as for the fundamental study of cellular 
biology.  A prime example of these successes is the recent implementation of 
semiconductor quantum dots in a wide range of biological and medical applications.  
Quantum dots are nearly spherical nanocrystals composed of semiconductor materials 
that can emit fluorescent light with high intensity and a strong resistance to degradation.  
In addition, the crystalline, semiconductor nature of these macromolecules engenders 
unique attributes that cannot be attained from optically labile organic dyes and 
fluorescent proteins, such as bright infrared fluorescence and efficient broadband 
excitation.  These nanoparticles have shown great promise as sensitive and selective 
biosensors, contrast agents for cancer imaging, and tracking agents for long-term, real-
time monitoring single molecules inside of living cells. 
 
The aim of this work is to understand the fundamental physics of colloidal semiconductor 
quantum dots, to engineer their optical and structural properties for applications in 
biology and medicine, and to examine the interaction of these particles with 
biomolecules and living cells.   Toward these goals, new synthetic strategies for colloidal 
nanocrystals have been developed, implementing a cation exchange method to prepare 
particles with sizes that are tuned independently from their intense fluorescence, which 
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may span the visible and near-infrared spectra (500-1000 nm).  In addition, a new 
means of manipulating the optical and electronic properties has been developed through 
controlled mechanical strain imposed by coherent shell growth.  As colloids, these 
nanocrystals have surfaces which allow the attachment of a diverse array of organic 
molecules and ligands.  The concept of multivalent binding to colloidal surfaces has also 
been implemented to enable interactions with extremely high affinity.  This has led to the 
development of stable nanocrystals with ultrathin coatings (< 2 nm), ‘amphibious’ 
nanocrystals soluble in virtually any liquid, and bioaffinity probes self-assembled through 
multidentate interactions with polyhistidine-sequences on recombinant proteins. 
 
Despite an intense interest in the integration of biomedicine and nanotechnology, great 
concern has been raised over the safety of nanoparticles.  Very little is known about how 
exogenous nanoparticles interact with biological molecules and cellular structures, and 
the eventual fate and potential cytotoxicity of these particles in animals will likely govern 
the realization of their potential.  In this work, semiconductor quantum dots were studied 
in biological fluids and living cells in order to elucidate their propensity to bind to proteins 
and cellular structures.  Surprisingly it was found that these interactions are strongly 
dependent on the size of the nanocrystals, and particles that have sizes similar to 
biological macromolecules are largely inert.  This finding allows the nanocrystal size to 
be used as a parameter to dictate attributes such as cellular transfection and protein 
adsorption.  Finally, the effects of these nanocrystals on cellular function were studied in 
depth, revealing that the heavy metal composition of quantum dots (e.g. cadmium or 
mercury) is not a major factor in cytotoxicity.  Rather, the colloidal and surface properties 
of these materials dominate their impact on cells, demonstrating that the rule book for 









Significant progress in the detection and treatment of disease has recently been led by 
molecular, systems, and engineering approaches to medicine.   Despite increasing 
survival rates for many diseases, major voids remain in biomedical science that are 
obstructing the efficient development of treatments and diagnostics, as well as the 
advancement of the understanding of pathology.  Many modern medical tests are 
currently insufficient in sensitivity to detect cancers and viral infections before they reach 
their advanced stages.  In addition, the resolution and specificity of commonly used 
medical imaging modalities are frequently inadequate for monitoring diseases.  From the 
perspective of cellular biology, a vast array of molecular biology tools such as PCR and 
gene array technology are available to study the mechanisms of diseases, but almost no 
tools are available for studying disease states in situ in living cells.   
 
Nanotechnology is a new discipline that may soon provide the tools and theoretical 
approach for filling many of the technological gaps in medicine.   As engineers and 
physicists studied the properties of materials with smaller and smaller dimensions, 
biochemists and polymer scientists constructed macromolecules that led these fields to 
simultaneously converge on the nanometer length scale, roughly 1-100 nm, in the 
1970’s and 1980’s.  Many of the fundamental principles governing this size regime had 
been developed by surface and colloid scientists in the mid-20th century, allowing 
immediate groundbreaking research and the development of new tools and materials 
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useful to a diversity of fields.  This size range is of particular interest in biology and 
medicine, as the fundamental building blocks of cells are macromolecules and structures 
with nanometer-scale dimensions.  Thereby, the interface of biology with 
nanotechnology may allow precise manipulation of biomolecules and cells, in addition to 
sensitive detection of abnormal disease states. 
 
Among the many useful nanoscience tools already in use in biomedicine, semiconductor 
quantum dots are unique in their far-reaching potential for the fundamental study of 
biology, the detection and diagnosis of disease, and as a building block for the 
construction of complex nanoscale devices for integration with biological systems.1-3  
Quantum dots are nanometer-sized crystals of semiconductor materials (typically 2-8 
nm) that emit fluorescent light with great intensity and unparalleled signal stability.  
These attributes have found immediate use for monitoring individual molecules on cell 
surfaces in real time for extended periods,4-8 for sensitive detection of cancer in vivo,9-12  
and for sensitive and specific characterization of viruses and cancer antigens in bodily 
fluids.13-16   The future applications of these remarkable materials will likely go far beyond 
these initial proof-of-concept experiments, but first an understanding must be developed 
for how they interact with biological systems and how their useful physical and optical 
characteristics can be harnessed. 
 
1.1 Thesis Goals 
This thesis aims to provide the theoretical framework and applied engineering strategies 
for the development of semiconductor quantum dots as advanced functional nanometer-
scale tools for the sensitive detection of disease and the study of cellular biology.  This 
goal is approached from three directions.  First, an understanding of the pure physics of 
the optical and electronic properties of quantum dots is developed from a theoretical 
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level.  This is performed by providing an exhaustive review of the physical attributes and 
applications of quantum dots (Chapter 2), rationally engineering the quantum dot 
composition and size (Chapter 3), and through the construction of semiconductor 
heterostructures (Chapter 4).  Second, the colloidal and surface properties of these 
nanocrystals are studied from an applied perspective for the production of particles with 
enhanced physicochemical attributes for interfacing with biology (Chapter 5), as well as 
for farther reaching applications in catalysis, optoelectronic devices, and energy 
conversion (Chapter 6).  Finally, the interactions between quantum dot nanocrystals and 
biological molecules are studied in order to gauge how these particles will behave in 
living cells and organisms, with particular emphasis on their specific and nonspecific 
binding, as well as their potential cytotoxic impact (Chapter 7). 
 
1.2 Themes and Significant Findings 
The broad scope of the disciplines employed in this thesis is indicative of the 
multidisciplinary nature of bio-nanotechnology, and underlies the fundamental 
connections between all fields of science and engineering.  Several common themes are 
frequently encountered throughout this work, including the quantum mechanical theory 
of quantum confinement, multivalent interactions, redox and acid/base reactions of 
semiconductor surfaces, and the balance between colloidal surface properties and 
colloidal stability.  These topics serve as the basis for many of the significant findings 
that are described.  The first major finding is the demonstration that cation exchange 
between ionic nanocrystals may be used to tune the optical properties of these particles, 
independently from nanoparticle size.  This process is controlled through the solubility of 
the cations and the binding strength between metals and ligands.  Second, materials 
strain is found to vastly impact the optical and electronic properties of quantum dots.  
This phenomenon has not been appreciated for colloidal materials although it has been 
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harnessed with great success in bulk materials.  Herein it is demonstrated that the 
optical properties of strained quantum dots can be tuned through the overgrowth of a 
compressive shell material.  Third, implementation of amphiphilic multidentate ligands 
allows the reaction conditions of nanocrystals to be tuned to yield an amphibious 
mixture, permitting the dispersion of quantum dots in nearly any liquid medium.  The 
broad solubility of these nanocrystals is shown to be a powerful attribute, and may allow 
advances not only in biomedicine, but also in solar energy conversion and catalysis. 
 
New technologies have been developed for tuning the interactions between quantum 
dots and biological systems.  First, the surfaces of nanocrystals have been found to 
largely impact their chemical and colloidal stability in solution, and have been optimized 
to generate nanoparticles that are essentially biologically inert.  Second, conventional 
surface coatings are subject to a tradeoff between nanoparticle size and stability.  
However this compromise has been overcome through the high binding strength of 
multidentate and multivalent interactions, allowing the development of nanoparticles that 
are both small and ultrastable.  Third, the nonspecific binding of nanoparticles is size-
dependent, decreasing with size.  This attribute has never been observed due to the 
inherent difficulty in preparing small nanoparticles that are especially resistant to 
intermolecular binding events, and was made possible with the development of 
multidentate coatings.  Finally, new studies on the cellular toxicity of quantum dots show 
that these nanoparticles are subject to new rules of toxicology that cannot be explained 
through conventional mechanisms due to their unique structure.  The traditional 
paradigm of heavy metal toxicity must be reevaluated in light of these studies in order to 
determine the true limiting properties of nanoparticles that detrimentally impact the 
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Quantum dots are nearly spherical nanocrystals composed of semiconductor materials. 
The most fundamentally important and useful feature of these particles is their size-
dependent absorption and photoluminescence.  This effect was discovered in 1982 by 
the former Soviet scientists Alexander Ekimov and Alexei Efros,1,2 but had been 
unwittingly exploited centuries earlier to add pigment to stained glasses.  Understanding 
of the physics of these nanocrystals advanced quickly throughout the 1980‟s and 1990‟s, 
guided primarily by the work of Louis Brus and Paul Alivisatos,3-9 which was aided by the 
colloidal synthesis developments of Brus and Moungi Bawendi.10-12  The applications of 
these particles were earmarked for electrochemistry, catalysis, solar energy conversion, 
and light emitting devices, when, in 1998, Alivisatos and Shuming Nie simultaneously 
published landmark papers demonstrating the utility of these nanoparticles as 
fluorescence probes for bioimaging.13,14  This finding immensely expanded interest in 
quantum dots, culminating in the publication of several thousand papers exploring the 
interface between semiconductor nanomaterials and biology/medicine over the ensuing 
decade.  In this chapter the physical foundation for this interest is presented.  First, the 
important physical principles of semiconductors materials are detailed (Section 2.1), and 
the size-dependent properties of nanocrystals are discussed (Section 2.2).  The 
strategies used to chemically synthesize quantum dots are described (Section 2.3), and 
finally the relevant work in the use of these nanoparticles for biological applications is 
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reviewed (Section 2.4). 
 
2.1 Semiconductor Physics 
The past century has witnessed a tremendous number of theoretical and experimental 
advances in semiconductor physics, culminating in the production of multitude of useful 
electronic devices.  The recent wave of interest in semiconductor nanostructures like 
quantum dots indicates that this trend is likely to continue.  Appreciation of the novel 
properties of semiconductor quantum dots and their heralded potential in a diverse 
range of applications requires a fundamental understanding of the basic concepts 
central to semiconductor physics. This review of the physics of semiconductors is 
intended to provide a theoretical context for the research described in this thesis.  
Thorough explanations of solid state physics,15 crystallography,16,17 semiconductor 
physics,18,19 quantum mechanics,20,21 and quantum confinement1,4,8 can be found in the 
literature cited herein. 
 
2.1.1 The Electronic Bandgap.  Solid state physics and materials science broadly 
classify solids as conductors, semiconductors, or insulators, depending on the capacity 
of the materials to conduct electricity at room temperature.   The difference between 
these materials arises from the bandgap energy (Eg), which is the difference in energy 
between the highest occupied electronic energy level and the lowest unoccupied 
electronic energy level.  In molecular terms, these energy levels constitute the highest 
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 
(LUMO), respectively.  However in crystals the bonds are delocalized over a large 
number of atoms, such that the bonding electrons form continuous bands of allowed 
electronic energy, unlike the discrete energy levels of single small molecules (Figure 
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2.1).1  Because of this delocalization effect, the HOMO energy levels from the atoms 
form the valence band, and the LUMO energy levels form the conduction band (Figure 
2.2).  The energy difference separating these bands is called the bandgap, a region of 
forbidden electronic energy within the solid.   If an electron is excited, for instance via 
absorption of a photon of energy greater than the bandgap, or through thermal 
excitation, the electron enters an antibonding orbital and is free to move in the solid upon 
application of an electric field, thus generating current.  For a metal, the HOMO and 
LUMO energy levels are either zero or smaller than kT, and thus conduction occurs 
readily with the application of an electric field.  For insulators, this energy gap is large 
(typically >3 eV)2, such that conduction does not occur under normal conditions.  
Between these two extremes, semiconductors have energy gaps that are small enough 
to allow room temperature conduction, but large enough that the magnitude of 
conduction can be largely controlled by a host of useful intrinsic and extrinsic factors, 
such as doping, the presence of a magnetic field, material strain, or incident light.  This 
useful capacity to modulate conduction is the root of the wide-ranging utility of 
semiconductors, and is responsible for intense development of many electronic devices 
in the past century. 
 
 
                                                     
1
 For this discussion, we will only consider crystalline materials, although amorphous 
solids have been produced that fall under all three classifications of insulators, 
semiconductors, and metals. 
 
2 Thermal excitation of electrons to the conduction band is dictated by Fermi-Dirac 
statistics, for which the probability of an electron filling the conduction band at 
temperature T is  
P ≈ e-Eg/(2kT) 
Therefore, an insulator can be defined by Eg > ~3 eV, for which there are essentially 







Figure 2.1: Diagram of electronic energy bands in solid-state materials.  
Occupation of electronic energy levels by electrons is denoted by blue shading, and Eg is 






Figure 2.2: Molecular orbital description of bonding in the semiconductor CdSe.  
The right side of this diagram depicts the valence electron energy levels of individual 
cadmium (5s) and selenium atoms (4p).  When these atoms are assembled together in a 
lattice, the valence electrons interact, causing the degenerate energy levels of the 
electrons to split and form wide energy bands.  Bonding electrons decrease in energy, 
contributing to the stability of the crystal.  At the equilibrium bond length (ƖO, 2.62 Å for 
CdSe) there is a balance between the attractive forces of the electrons and nuclei and 
the repulsive forces between nuclei and between electrons.  The energy separation 
between the HOMO and the LUMO is Eg (1.76 eV for CdSe).  This simplified diagram 
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does not depict significant contributions from the d orbitals of either atom or from s 




2.1.2 Absorption and Luminescence.  The bandgap energy of semiconductors spans 
a technologically useful range of the electromagnetic spectrum, from the near-ultraviolet, 
throughout the visible spectrum, and into the infrared.   When a photon of light with 
energy greater than Eg is illuminated on a semiconductor material, the electrons in the 
material can absorb the photon to transition to a higher electronic energy level, resulting 
in an excited state electron (Figure 2.3).  As previously mentioned, this electron (e-) is 
promoted to the antibonding conduction band, and is thus no longer fixed in place in a 
bond.  Excitation of the electron leaves an empty bonding orbital in the valence band, 
which behaves like a particle of positive charge, called the hole (h+).  With an applied 
voltage, the electron and hole can migrate in opposite directions to produce a current.  If 
the energy of the excitation photon is significantly greater than the bandgap, the electron 
and hole will retain excess kinetic energy which will be quickly dissipated to lattice 
vibrations, stabilizing the energy of the electron and hole at the band edges in a process 
called relaxation.   This relaxation process is highly efficient and rapid due to the nearly 
continuous electronic energy level spacings in the valence and conduction bands, 
transferring many small quanta of energy to optical or acoustic phonons (see discussion 
on indirect bandgaps below).  At this point, the charge carriers can recombine and 
annihilate one another in the process of radiative recombination, or luminescence.  The 
potential energy lost in this process is transferred to a single photon with energy equal to 
Eg.  In this mechanism, it is important to note that a wide range of wavelengths of light 
are capable of exciting the semiconductor electrons due to the wide electron bands, but 







Figure 2.3: Electronic transitions in a semiconductor.  On the left, an electron in the 
valence band absorbs a photon (green), exciting it to the conduction band, and leaving a 
positively charged hole in the valence band.  The electron and hole quickly lose their 
excess kinetic energies through dissipation to lattice vibrations, settling at the band 
edges in a process called relaxation.  The electron and hole can then radiatively 
recombine in a process that yields the emission of a single photon (red) with energy 




2.1.3 Direct and Indirect Bandgaps.  In bulk solid state semiconductors, the valence 
and conduction energy bands are each continua of allowed electronic energy levels, 
however specific combinations of electronic energy and momentum are forbidden.  The 
relationship between electron energy (E) and crystal momentum (ħk) is graphically 
represented in the electronic band structure of a material in an E-k diagram (Figure 2.4).  
The parameter k is the wave vector of the electron in the periodic crystal potential, and 
its magnitude is inversely related to its wavelength (k = 2π/λ).  The crystal momentum is 
therefore a superposition of the momentum of an electron and the crystal, which is 
dependent on direction within the crystalline lattice, due to the directional dependence of 
the periodicity of the crystal potential.  Typically, a band structure diagram will depict the 
energy levels of electronic energy bands along the high symmetry directions of the 
crystalline lattice.   For cubic and wurtzite crystals, these directions are catalogued in 
Table 2.1 for the first Brillouin zone, which is a primitive cell of the crystalline lattice in 







Figure 2.4: Band structures of semiconductors.  These E-k diagrams were calculated 
using the local density approximation, and reproduced from the work of W.Y. Ching.22,23   
Forbidden energy levels within the bandgap are shaded, and the valence band edge is 
normalized to an energy of 0 eV.  Direct band-edge transitions are depicted in blue.  The 
band structure of CdSe is depicted for two crystal structures, zinc blende (left) and 
wurtzite (middle).  Both of these structures are 4-coordinate and the electronic energy 
levels are therefore similar for both structures.  The similarity between these structures is 
reflected in comparable bandgaps and similar electronic energies at corresponding 
points in the first Brillouin zone, despite a lower symmetry in the wurtzite structure.  The 
band structure of silicon (diamond lattice structure, right) is also depicted, showing that 
the conduction band edge is shifted in k-space with respect to the valence band edge.  
Therefore band-edge transitions can only occur with phonon assistance (red).  The 
smallest direct band gap, indicated in blue, is significantly larger than the indirect 
bandgap, and determines the major onset of absorption. 
 
 
Table 2.1: Nomenclature for reciprocal lattice directions of high symmetry in the 
first Brillouin zone (1BZ) of zinc blende, diamond, and wurtzite crystal structures.   
 
Wurtzite Zinc Blende/Diamond 
1BZ directiona Lattice direction 1BZ directiona Lattice direction 
     Δ            A  [0001]      Λ            L  [111] 
     T             [112 0]      Σ             [110] 
     Σ           M  [101 0]      Δ              [010] 
A     S           H  [112 0]   
K     P           H  [0001]   
M     U           L  [0001]   
A     R           L  [101 0]   
 
[a] Directions between 1BZ points (Roman letters; e.g. A, ) along straight lines (Greek 




A direct bandgap semiconductor is one in which the maximum of the valence band 
energy occurs at the same crystal momentum as the minimum of the conduction band 
energy.  Such is the case for CdSe, depicted in Figure 2.4, for which transitions may 
occur between the conduction and valence band edges without a change in crystal 
momentum.  However optical transitions that change crystal momentum are complicated 
by the requirement for conservation of total momentum, as described by the following 
equations. 
 Absorption: ħkc − ħkv = ħkphoton Equation 2.1 
 Emission: ħkc − ħkv = −ħkphoton Equation 2.2 
Therefore the absorption or emission of a photon by a semiconductor must conserve a 
change in crystal momentum between the valence band (v) and the conduction band (c).  
Importantly, the momentum of a photon is generally several orders of magnitude less 
than that of the crystal momentum (kc, kv >> kphoton), such that this optical transition 
requires 
 kc ≈ kv Equation 2.3 
Therefore absorption and emission can only readily occur when momentum is internally 
conserved, that is, for vertical transitions on the E-k diagram.  In a direct bandgap 
semiconductor, this requirement is fulfilled for band-edge absorption and emission, as 
the relaxed electron and hole both have essentially the same crystal momentum.  
 
A major consequence of this selection rule is that band edge transitions are optically 
forbidden if the conduction and valence band edges do not coincide in k-space.  This is 
the case for indirect bandgap semiconductors such as silicon (Figure 2.5).  For indirect 
bandgap materials, band-edge absorption and emission are both highly inefficient, 
justifying why intrinsically direct bandgap semiconductors are ubiquitously used for 
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optoelectronic devices such as photodetectors and light emitting diodes.3  Band-edge 
absorption and radiative recombination may proceed in indirect bandgap materials, but 
only with assistance from a phonon.  A phonon is a quantum of lattice vibration, which 
may be either optical or acoustical.  Phonons are diffracted by the same lattice potential 
as the electrons, and therefore their wave vectors coincide in k-space.  Thus the creation 
or annihilation of a phonon may allow band-edge absorption or emission to occur, 
although this transition is of low probability. 
 kc − kv = ± kphoton Equation 2.4 
The energy of a phonon is typically much smaller than that of a photon, and this 
inefficient transition may occur with a change in energy essentially equal to the photon 
energy alone.  This indirect transition is analogous to the process of phosphorescence in 
small molecules, in which a reversal of the spin of an excited state electron results in a 
triplet excited state with optically forbidden recombination.  Although the physical 
mechanisms are unrelated, both phosphorescent materials and indirect bandgap 
semiconductors are characterized by very long excited state lifetimes and generally have 
low radiative emission efficiencies.  
 
2.1.4 Effective Mass. The effective mass approximation independently describes the 
electrons and holes as if they are free, unbound particles in a vacuum, except their 
masses are altered by the crystal field.  These „effective‟ masses can be calculated from 
the quantum mechanical definition of kinetic energy (E) of a particle of mass m: 





 Equation 2.5  
Because the dispersion relationship between E and k is known from the band structure 
dispersion curve (Figure 2.4), one can readily calculate the mass of an electron for each 
                                                     
3 Extrinsic, doped semiconductors are also used, but are not discussed in this work.18,24 
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value of E and k.  The band edges of semiconductors are the regions of greatest 
interest, and over a small range of E and k they may be adequately approximated as a 












2  Equation 2.6 
Therefore close to the band edges, the electron and hole behave as particles of fixed 
mass, me
∗ and mh
∗, which are typically expressed as fractions of the mass of a free 
electron (e.g. me
∗ = 0.119 mo and mh
∗ = 0.570 mo for CdSe, where mo ≈ 9.11 x 10
-31 kg).  
This relation demonstrates that the effective mass of a charge carrier in a semiconductor 
is related directly to the curvature of the electronic energy band.  This approximation is 
useful for describing the properties of semiconductors, but is only accurate when charge 
carriers exist only with low kinetic energies, roughly < ~0.5 eV for II-VI semiconductors.  
For most semiconductors, the curvature of the valence band is much smaller than that of 
the conduction band, meaning that the hole is substantially heavier than the electron.  As 
a result, electrons have a higher mobility than holes, and as such are often favored as 
the primary charge carriers in devices.  As well, because the wave vector is dependent 
on the direction within the crystalline lattice, the effective mass is an anisotropic 
property, and even materials with high crystalline symmetry show anisotropy in charge 
mobility.  It should be noted that in crystalline materials, the delocalization of a large 
number of electron wavefunctions over a large number of atoms results in negligible 
atomic reorganization upon excitation, in stark contrast to dyes and other organic pi-
conjugated systems, which show much lower charge carrier mobilities.25 
 
2.1.5 Excitons.  In a semiconductor, the electron and hole generated through excitation 
are electrostatically attracted to one another.  Analogous to a hydrogen atom containing 
a single proton and electron, this pair of particles is collectively called the exciton, which 
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has an effective size and binding strength characteristic of the crystal field in which it is 
dispersed.  The binding energy is determined by the following equation  





2 Equation 2.7 
where μ is the reduced mass of the optical electron and hole masses, e is the 
elementary charge, εo is the permittivity of vacuum, and εs is the static dielectric constant 
of the semiconductor.  The exciton size is dictated by the Bohr exciton radius, which is 
described as 





 Equation 2.8 
Therefore, the exciton binding energy and the size are determined solely by the effective 
masses of the charge carriers and the polarizability of the crystal (i.e. the dielectric 
constant).  The exciton is smaller and more strongly bound when the effective masses 
are larger and the crystalline matrix is less electrically screening (smaller dielectric 
constant). 
 
2.1.6 Semiconductor Materials. Solid state semiconductors can have a wide range of 
materials compositions. The most commonly encountered and often studied 
semiconductors include three elemental materials (diamond, silicon, and germanium) 
and an assortment of binary semiconductors, including IV compounds (e.g. SiGe), III-V 
materials (e.g. InAs), II-VI materials (e.g. CdSe), IV-VI materials (e.g. PbSe), and II-V 
materials (e.g. Cd3P2).  Many other binary semiconductors exist, and the compositional 
variety of these materials expands as they are mixed together as ternary (e.g. InxGa1-
xAs) and quaternary alloys (e.g. InxGa1-xAsyP1-y).  Bandgap engineering is the process of 
precisely modulating the bandgap of a material through its composition (Figure 2.5).  
The capacity to independently tune the bandgap of ternary and quaternary alloys without 
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significantly altering the bond length has been instrumental in producing highly efficient 
optoelectronic devices and electronics.  The materials properties of alloys are often 
found to vary linearly with composition, in accord with Vegard‟s Law.  This can be 
expressed mathematically for a ternary alloy AxB1-xC as 
 aAx B1−x C  = aAC x + aBC (1-x) Equation 2.9 
where α is any property of the material, such as the lattice constant or the bandgap 
energy.  Deviations from Vegard‟s Law can often be modeled with the introduction of a 
bowing parameter constant, b: 
 aAx B1−x C  = aAC x + aBC (1-x) - bx(1-x) Equation 2.10 
Most notably, the optical bowing of the Eg has been described for many ternary 
semiconductors.  This deviation from linearity has allowed the preparation of 
semiconductor alloys such as CdSeyTe1-y with a longer wavelength emission (smaller 





Figure 2.5: Bandgap engineering with II-VI semiconductors.  The bandgaps and 
lattice constants are depicted for cubic zinc chalcogenides (blue), cadmium 
chalcogenides (red), and mercury chalcogenides (black), and some of their 
homogeneous alloys (lines).  The II-VI oxides are also semiconductors but their intrinsic 
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use in bandgap engineering is currently complicated by the difficultly of manufacturing 
oxide alloys and because CdO and HgO crystallize in anomalous lattice structures (rock 
salt and orthorhombic, respectively).  As well, HgO is an indirect semiconductor.  
 
 
2.1.7 Chemical Trends. The relationship between the chemical identity of a material 
and its bandgap energy is highly complex and poorly understood.  The bandgap energy 
is indicative of the strength and nature of bonding within the solid material, the atomic 
numbers of the atoms, and the crystalline lattice structure.  The use of band structure 
modeling has significantly enlightened the current understanding of the origin of the 
bandgap in semiconductor materials, and some chemical trends have emerged.  This 
section will primarily focus on trends in the II-VI sulfides (ZnS, CdS, HgS), selenides 
(ZnSe, CdSe, HgSe), and tellurides (ZnTe, CdTe, HgTe), which are direct bandgap 
structures, and crystallize in the 4-coordinate zinc blende (cubic) or wurtzite (hexagonal) 
phases under standard conditions.  The fundamental understanding of the bonding 
within these materials (Figure 2.2) revolves around the notion that the valence s-
electrons from the metal atom (e.g. Cd-5s2) and the valence p-electrons from the 
chalcogen (e.g. Se-4p4) are primarily responsible for bonding.  These electrons, along 
with promoted s-electrons from the chalcogen, generate sp3 hybridized molecular 
orbitals to yield tetrahedral bonding.  As the chalcogens all have greater electronegativity 
than the metal atoms, the bonding molecular orbitals will have greater electron density 
on the chalcogens, and thus they are referred to as the anions (S-2, Se-2, Te-2), and the 
metals are referred to as the cations (Zn+2, Cd+2, Hg+2).  However, the proportion of ionic, 
covalent, and metallic contributions to bonding are different for each distinct compound.  
The nature of these bonding contributions dictates the electron wavefunctions in the 




Figure 2.6A demonstrates that the bandgap of II-VI semiconductors decreases as the 
molecular weight increases when varying the cation or anion independently.  Although 
this is a common trend among nearly all types of semiconductor materials, it is deeply 
convoluted with many other interrelated factors.  This molecular weight relationship 
manifests itself in the nature of bonding and the bond strength, which increases as the 
molecular weight decreases due to a decrease in bond length.  This decrease in bond 
length increases the strength of covalent bonds by stabilizing internuclear bonding 
electrons, and strengthens ionic bonds by increasing the coulombic interaction between 
ions.  As seen in Figure 2.6B, an increase in bond strength results in an increase in the 
bandgap.  From a molecular orbital perspective, this trend is logical because a greater 
bond strength is indicative of a greater stabilization of the bonding orbitals (HOMO) and, 
likewise, a greater destabilization of the antibonding orbitals (LUMO), which would result 
in a wider bandgap.  However, the nature of this change in bonding is more complex.  
From a simplistic perspective, one can calculate the ionicity of these compounds using 
various thermochemical or theoretical scales (Figure 2.6C) to determine that increasing 
the atomic weight of the anion consistently decreases the bandgap of the material.  This 
would suggest that the decrease in bandgap as the chalcogen atomic number is 
increased (SSeTe) stems from a decrease in ionicity of the bond.  Thereby, when 
the chalcogen atomic number increases, the difference in energy between the valence 
electron orbitals of the constituent atoms decreases, thus decreasing the ionicity and 







Figure 2.6: Dependence of the bandgap of II-VI semiconductors on the molecular 
weight, bond energy, and ionicity.  The chalcogenides of zinc (blue), cadmium (red), 
and mercury (black) are depicted. Lines are drawn to guide the eye, and are not 
indicative of alloyed compositions.  (A) The bandgaps of the semiconductors are plotted 
against their molecular weight.  (B) The relationship between the bandgap energy and 
the energy per bond is depicted. The bond energy was calculated from previously 
published thermochemical data.26,27  (C) The relationship between the bandgap and 
ionicity is depicted.  The ionicity was calculated by the method of Pauling,4 although 
trends are similar when plotted against the Phillips ionicity or the Szigeti charge.28-32 
 
 
Increasing the atomic number of the cation (ZnCdHg) results in a greater decrease 
in the bandgap compared to the effect of the anion (Figure 2.6A), but this effect has no 
consistent correlation with ionicity of the bond (Figure 2.6C).  Figure 2.7A shows the 
bond energy plotted against molecular weight of the semiconductor, revealing a nearly 
linear relationship.  Therefore it is clear that the disproportionate cationic contribution to 
the bandgap is not indicative of a significantly greater contribution to the bond strength.  
Without any evidence of a contribution from the bonding nature or bond strength to this 
interesting effect, it is apparent that this other factors must be accounted for in this 
                                                     
4
 The Pauling ionicity (fi) was calculated using the formula 









where N is the valence for the ANB8-N material (e.g. 2 for AIIBVI or II-VI materials, and 3 
for III-V materials), M is the coordination number of the crystal (4 for zinc blende and 
wurtzite structures), and  is the electronegativity of the isolated atoms A or B, which 




simple model.  Ab initio models have shown that d-orbitals of the cations, despite being 
significantly lower in energy than the valence band maximum, can interact with the p-
orbitals of the anions with a net repulsion to increase the valence band maximum.33,34  
This effect would be expected to magnify with increasing cation atomic number due to 
an increase in the associated d-orbital energy and delocalization, thus correlating with 
the trend described herein.  Therefore this simple cation/conduction band, anion/valence 
band theory can only superficially predict the properties of some semiconductors, and it 





Figure 2.7: Relationship between the bond energy, lattice constant, and molecular 
weight of II-VI semiconductors.  (A) The bond energy and molecular weight are nearly 




It should also be noted that the bandgaps of mercury chalcogenides are almost entirely 
unaffected by a change in the atomic number of the anion (Figure 2.6).  This observation 
is not only due to the very high energy of the mercury 5d electrons, which attenuates the 
effects of the HOMO of the anion through strong repulsion, but also because of the 
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unique chemistry of mercury itself.35  Mercury is uncharacteristically compact in electron 
density due to the effects of special relativity (Figure 2.7B).  This results in a decrease in 
the energy of the electron energy levels.  As the 6s electrons are abnormally deep, and 
the 5d electrons increase the anion energy levels, the conduction band of mercury 
chalcogenides is very low and the valence band is high.  In fact, the conduction band 
and valence bands overlap in energy, resulting in the semimetallic nature of these 
materials, which have strong conductivity most temperatures.   
 
It is possible to extrapolate these concepts to other semiconductor groups, such as the 
less ionic III-V materials (e.g. InAs, GaP) and purely covalent IV elemental 
semiconductors (e.g. Si, Ge), which also crystallize preferentially in four-coordinate 
lattices. Using the aforementioned logic, it should be no surprise that the more covalent 
III-V materials have smaller bandgap energies than II-VI materials for comparable bond 
strengths (Figure 2.8).   As well, the bandgaps of purely covalent IV materials are even 
smaller.  Indeed this systematic decrease in ionicity and increase in covalency is readily 
observed to close the bandgap, as predicted from the II-VI trends.  For example, the 
bond strengths of ZnS, InAs, and α-Sn are nearly identical (~-1.56 eV per bond), but 
their bandgaps decrease greatly with increasing covalency, from 3.7 eV for ionic ZnS (fi 






Figure 2.8: Relationship between the bandgap and bond energy for three families 
of semiconductors.  The ionicity of the materials increases in the order IV < III-V < II-
VI. 
 
Similar trends are observed within the III-V group compared to the II-VI materials in 
terms of bandgap dependence on molecular weight, bond strength, and ionicity (Figure 
2.9).36  Like the II-VI materials, the ionic character of the bond is intimately linked to the 
bandgap.  However, unlike the II-VI materials, changing the cation has almost no effect 
on the bond ionicity, but significantly impacts the bond strength.  For this group, the 
trends are much more linear, as the d-orbitals in the III-V materials are lower in energy, 
and therefore do not significantly impact the band-edges. A slight deviation from linearity 
is found for the III-V nitrides, which are highly ionic and have uncharacteristically short 
bonds (Figure 2.10A).  This disparity is due to the lack of repulsive d-orbitals in nitrogen, 
resulting in a very low valence electron energy, as indicated by a high ionization energy 
(Figure 2.10B), resulting in a small atomic radius and a high electronegativity, and thus a 
higher molecular ionicity.  Further comparison of these trends with the more ionic IV-VI 
materials is complicated by the fact that these materials typically crystallize in the 8-
coordinate rock salt lattice structure, and only three of these materials (PbS, PbSe, and 






Figure 2.9: Relationship between the bandgap and the molecular weight, bond 
energy, and ionicity of III-V semiconductors.  Lines are drawn between materials with 
the same cation, and do not indicate alloy compositions.  (A) The bandgaps of the 
semiconductors are plotted against their molecular weight.  (B) The relationship between 
the bandgap energy and the energy per bond.  (C) The relationship between the 
bandgap and ionicity, calculated using the method of Pauling.  Importantly, four of these 
materials are indirect bandgap semiconductors (AlP, AlAs, AlSb, and GaP).  All 
bandgaps correspond to the lowest energy direct transition from the valence band-edge, 
i.e. the -valley transition (Figure 2.4).  Use of the lowest indirect band-edge revealed 






Figure 2.10: The anomalous chemical nature of the III-V nitrides. (A) Relationship 
between the lattice constants of III-V materials and their molecular weights, 
demonstrating the abnormally small bond length of the nitrides (green).  (B) The 
ionization energy of nitrogen is much higher than that of the other group V atoms, 





2.1.8 Band Offsets. The relative energy levels of the valence bands and conduction 
bands between different semiconductors are known as the band offsets.  These are 
crucial parameters for designing junctions between semiconductors (heterojunctions) for 
use in electronic devices.  These values are notoriously difficult to determine 
experimentally, varying widely between experimental techniques, and sample 
preparations, and therefore theoretical estimations have become essential.  Figure 2.11 
shows the relative band alignments of most of the II-VI and III-V semiconductors 
calculated from first principles.34  In practice, real heterojunctions in which the lattice 
constants are dissimilar (strained heterojunctions), often behave as if they have band 
offsets vastly different from these predictions, due to interfacial defects that form at the 
strained interface.  In fact, the effects of strain, band offsets, and defect formation are 
complexly interwoven, and become valuable tools for bandgap engineering on the 
nanoscale, as examined in Chapter 4. 
.   
 
 
Figure 2.11: Band alignments of II-VI and III-V semiconductors.34  Materials are 
organized according to the cation, and the conduction bands and valence bands are 
shaded.  Bandgaps are shown in white and energies are given as relative values. The 
overlap between the two bands is shown as darker shading for the semimetals HgSe 
and HgTe.  Note that many of the chemical trends described in Section 2.7 are reflected 
in these calculated band offsets. 
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2.2 Physics of Semiconductor Nanocrystals 
The understanding of a crystalline material as a nearly infinite lattice of atoms bonded 
together by electrons shared across the atomic network has proven to be a compelling 
theoretical framework for understanding the properties of semiconductors and predicting 
their behavior.  As described above, the development of continuous electronic bands, 
the presence of a forbidden bandgap, as well as the theory of effective masses of the 
charge carriers all depend on the crystal periodicity and electron wavefunctions within 
the infinite lattice.  Therefore it should be no surprise that if this periodicity is disrupted 
by cutting the crystal, the materials properties will be significantly altered near the 
exposed lattice facet.  If this crystal is cleaved or etched away to a small enough size, it 
should be expected that the properties of the crystal will be significantly altered from that 
of the bulk, macroscopic crystal.  This is indeed the case, and the optical properties and 
many physical properties of semiconductors are vastly different for nanocrystals. 
 
2.2.1 Quantum Confinement. The first excited state of a semiconductor is the exciton 
state, in which an electron-hole pair is coulombically stabilized. The exciton state has a 
fundamental unit of length dictated by its Bohr radius, which can assume a value less 
than 1 nm diameter to over 100 nm, depending on the material.  Therefore if the 
dimensions of the semiconductor crystal are on the nanometer scale, the electronic 
properties of a semiconductor can significantly differ from those of the bulk crystal.  
When a crystal is shrunk to a size similar to the Bohr diameter, the exciton becomes 
highly localized in space in the crystal.  Similar to the classic example in quantum 
mechanics of a „particle in a box,‟ the lowest energy state of the exciton (particle) will 
increase if the semiconductor nanocrystal (box) shrinks.  This „quantum confinement 
effect‟ results in an increase in energy required to create the exciton and an increase in 
energy generated when the electron and hole recombine, i.e. an increase in the 
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bandgap.  This effect is illustrated by the characteristic blue-shift of the absorption and 
luminescence spectra (Figure 2.12) for semiconductors nanocrystals near or smaller 




Figure 2.12: Quantum confinement of semiconductor nanocrystals.  These CdSe 
particles are smaller than the Bohr diameter (9.6 nm) and dispersed in chloroform.  (A) 
The dependence of the bandgap energy on nanocrystal size is readily evident from the 
color of fluorescence upon ultraviolet excitation.  Quantum confinement results in a blue-
shift (an increase in energy) of the fluorescence wavelength (B) and the absorption 
spectra (C) compared to bulk CdSe, which has a bandgap of 1.76 eV (704 nm).  The 
discrete, narrow electronic transitions observed in the optical spectra are indicative of 






The quantum confinement effect can also be rationalized from a molecular perspective.  
When several atoms constituting a semiconductor material bond together, their 
degenerate energy levels will split in accord with the Pauli exclusion principle.  As more 
and more atoms are added to this cluster, the degeneracy of all of these energy levels 
continue to split, forming more electronic energy states that occupy a wider range of 
energies.  Therefore both the HOMO and LUMO bands widen and fill in with energy 
states, causing the separation between these bands to decrease, yielding a smaller 
bandgap as the cluster grows in size.  Before bands of continuous energy have formed, 
discrete electronic levels exist, which are readily apparent in the discrete electronic 
transitions observed in the absorption spectra (Figure 2.12C).  These transitions are 
analogous to those observed for individual atoms in the gas phase, which is why 
semiconductor nanocrystals have been dubbed „artificial atoms.‟ 
 
The most important consequence of the quantum confinement effect is the size 
dependence of the bandgap for nanocrystalline semiconductors.  By confining the 
exciton of a semiconductor, the bandgap may be tuned to a precise energy depending 
on the dimensionality and degree of confinement.39-41  If the exciton is confined in one 
dimension, it is known as a „quantum well,‟ which is equivalent to a two-dimensional thin 
film with pseudo-infinite width.  Confinement in two dimensions yields a one-dimensional 
quantum wire.  Confinement in all three dimensions yields a quantum dot, which is 
quantum mechanically a zero-dimensional particle.  Accordingly, the deviation of the 
optical properties of these confined structures from the bulk optical properties is strongly 
related to the degree of confinement.  That is, when more dimensions are confined, the 
bandgap of a semiconductor will shift to a greater extent with dot > wire > well (Figure 





Figure 2.13: Quantum confinement in CdSe quantum wells, wires, and dots.  The 
bandgap of these structures is plotted against the length of the confined dimensions.  
The bulk energy gap of CdSe (1.76 eV) is noted on the bandgap-axis, and the diameter 
of the exciton is noted on the length-axis (9.6 nm).  Values are a combination of 
empirical data and theoretical extrapolations.4,41-45 
 
 
2.2.2 Brus Model of Quantum Confinement. The range of bandgap tunability by size is 
determined largely by the bulk bandgap of the semiconductor and the exciton size of the 
material (Figure 2.14).  A simplistic expression describing this phenomenon was first 
developed by Brus:4 

















                  
 Equation 2.11 
where ∆E is the change in bandgap due to quantum confinement, r is the radius of the 
spherical nanocrystal, μ is the reduced effective mass of the electron and hole, e is the 
elementary charge, ε∞ is the high-frequency dielectric constant of the semiconductor, S 
is a position inside the nanocrystal, and α𝑛  is 








n + n + 1 




where ϵm is the dielectric constant of the medium.  The bar over the third term in 
Equation 2.11 denotes averaging of the sum over the lowest energy S wavefunction Ψ
1 
for a particle in a sphere: 
 Ψn r*  = 
Cn
r*
 sin  
nπr*
r
   Equation 2.13 
where C1 = 1.  Figure 2.14 shows the size-dependent bandgaps calculated from this 
model for most of the II-VI materials.  The calculated onset of the quantum confinement 
effect corresponds well with that predicted from the Bohr exciton diameter.   
 
 
Figure 2.14: Dependence of the bandgap of quantum dots on the material and 
nanocrystal diameter.  The onset of quantum confinement can be observed to vary 
considerably depending on the exciton diameter.  For example, the diameter of the 
exciton is ~6.6 nm for ZnS and ~91 nm for HgTe.  Values were calculated using the 
method of Brus with bulk effective masses and dielectric constants. 
 
The three terms in Equation 2.11 quantitatively describe the major underlying 
mechanisms of quantum confinement.  The first term accounts for the kinetic energy of 
the electron and hole within the confined nanocrystal due to localization within the 
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confining box.  This change in energy with size is a consequence of the Heisenberg 
uncertainty principle, because spatial confinement of the electron and hole reduces the 
certainty of the momentum, and therefore the kinetic energy becomes less precise, 
increasing the energy of the lowest energy state.  The second term describes the 
coulombic potential energy, which increases as the oppositely charged electron and hole 
are forced into a smaller space, which stabilizes the exciton, but in a magnitude smaller 
than the kinetic energy increase.  Both of these terms are analogously accounted for in 
quantum mechanical descriptions of hydrogenic atoms.20  The third term deviates from 
this analogy in order to account for the permittivity of the crystal and its surrounding 
medium.  When the dielectric constant of the crystal is greater than that of the medium, 
this term is positive, contributing to the solvation confinement of the exciton.  This term is 
very small compared to the first two, and approaches zero as the difference between the 
dielectric constants of the medium and the crystal approaches zero.  For highly confined 
excitons (quantum dot radius << rB) the main contribution to quantum confinement is the 
localization kinetic energy, which increases with r-2, compared to the two other terms 
which increase with r-1.  Notably, this model relies on the effective mass approximation, 
which fails for values of high kinetic energy (~0.5 eV or above), and thus cannot be used 
to predict quantum confinement in very small nanocrystals.  In addition, the fraction of 
atoms on the nanocrystal surface increases as the size decreases, which can strongly 
impact the electronic properties of the crystal. 
 
2.2.3 Optical Properties of Single Quantum Dots and Ensembles.  The most striking 
optical features of quantum dots are the broad absorption spectra containing multiple 
discrete transitions and the narrow and size-tunable fluorescence emission bands.  
Because of the size-dependent nature of these optical properties, these discrete 
transitions can only be observed for homogeneous populations of nanocrystals (Figure 
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2.12). In fact, the nanocrystal size, size distribution, and presence of distinct size 
populations may be directly inferred from the onset of absorption, the fluorescence peak 
width and peak shape, respectively.  However, even when an ensemble of quantum dots 
is composed of nearly monodisperse nanocrystals, the emission spectra are still 
significantly broadened compared to single isolated quantum dots.  Depending on the 
measurement technique and temperature, the full width at half maximum (FWHM) of 
fluorescence emission lines of single CdSe nanocrystals have been found to be as 
narrow as ~0.03 nm (resolution-limited cryogenic spectroscopy)46 to 12 nm (room 
temperature),13 significantly narrower than the most narrow ensemble peaks reported to 
date (~20 nm FWHM).47  More interestingly, the emission from single quantum dots is 
intermittent, which has also been observed for fluorescent dyes and proteins.48  Many 
studies have statistically evaluated the blinking nature of single quantum dot 
fluorescence, consistently showing a power law relationship for the probability densities 
of on and off times.49  This „blinking‟ can be readily observed under a light microscope, 
and is thought to arise from ionization of the nanocrystal.  In accord with this theory, 
growing an insulating shell around the nanocrystal to yield a deeper and wider potential 
well has been show to significantly decrease the off time of the nanocrystal.48,50,51  The 
fluorescence emission properties of single quantum dots are currently of great interest 
due to the recent use of these nanocrystals as probes for optical microscopy.  New 
techniques should shed light on the modulation of the single molecule properties and the 
intrinsic physics of single molecules compared to their statistically averaged ensembles. 
 
The quantum yield of a fluorescent molecule is the fraction of fluorescent photons 
emitted per photon absorbed.  It has been found that the fluorescence emission from 
quantum dots may approach unity at room temperature, far above what has been 
achieved from bulk materials.52-55  This is largely due to the strong overlap between the 
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electron and hole wavefunctions in the confined structure, which greatly increases the 
probability of radiative recombination.  In bulk semiconductors, on the other hand, the 
exciton is not confined in space, and can rapidly dissociate due to its relatively weak 
binding strength (~1-50 meV), reducing the overlap between the electron and hole 
wavefunctions, increasing the probability of nonradiative relaxation.  However the 
observation of high quantum yield is remarkable considering the long excited state 
lifetimes observed in quantum dots (tens to hundreds of nanoseconds) compared to 
organic dyes (hundreds of picoseconds to several nanoseconds).  Longer excited state 
lifetimes commonly allow the decay of the excited state through less probable 
nonradiative pathways, and in some instances the lifetime is directly indicative of the 
spatial overlap between the electron and hole wavefunctions (Chapter 4).  The size and 
structure-dependent excited state lifetime, as well as the nature of the radiative and 
nonradiative pathways are poorly understood and are areas currently under study.56 
 
The optical spectra of monodisperse samples of quantum dots exhibit features that are 
indicative of the nanocrystal structure. For example, the energy of the first exciton peak, 
which is the lowest energy absorption transition, is determined by the size of the 
quantum confined nanocrystal.  This relationship has been empirically investigated for 
many types of semiconductor materials.43,57,58  The Stokes shift, which is the difference 
in energy between the first exciton peak of the absorption spectrum and the 
fluorescence emission peak, is also dependent on the nanocrystal structure, increasing 
with decreasing size and increasing with structural anisotropy, through physical 
phenomena that remain poorly understood.59,60  The molar extinction coefficient is also 
dependent on the nanocrystal size, and has been empirically catalogued for several 
semiconductor materials.43,57  Figure 2.15 demonstrates that the extinction coefficient at 
the first exciton peak increases exponentially with diameter.  This value can vary widely 
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with material composition for a particular nanocrystal size, which is not surprising since 
the main contribution to band-edge light extinction by a crystal is from absorption by 
valence electrons.  The concentration of valence electrons in a crystalline sphere is 
roughly proportional to the density of atoms for materials from the same elemental 
groups.  At energies far above the bandgap, the extinction coefficients can be much 
larger, due to a larger density of electronic states.  As well, semiconductor nanocrystals 
have also been found to undergo carrier multiplication when excited by light far above 
the bandgap, leading to the formation of multiple excitons from a single photon of 






Figure 2.15: Extinction coefficients of CdS, CdSe, and CdTe nanocrystals.  Data 






2.2.4 Surface properties of Quantum Dots. The preceding sections explained the 
dependence of the optical properties of semiconductor nanocrystals on the particle size, 
which is mostly a factor of the internal structure of the nanocrystal.  However as the 
crystal becomes smaller, the number of atoms on the surface increases, which can also 
significantly impact the optical properties.  The atoms on the surface of a crystal facet 
are incompletely bonded within the crystal lattice, thus disrupting the crystalline 
periodicity and leaving a „dangling orbital‟ on the atoms pointed outward from the crystal.  
These orbitals each contain a single electron, and all surface atoms will have 1 or more 
unpassivated orbitals.  Most nanocrystals are highly faceted, and therefore each surface 
contains a periodic array of unpassivated orbitals, with two-dimensional translational 
symmetry, which may form a band structure similarly to the three-dimensional crystal 
itself.  If these surface energy states contain energy levels within the semiconductor 
bandgap, they can trap charge carriers at the surface, thereby reducing the overlap 
between the electron and hole, and lead to nonradiative decay events.  Indeed very 
small nanocrystals are often observed to have multiple fluorescence emission bands, 
one of which is the bandgap emission, and other ones at lower energy arise from defect 
sites on the surface.   When unpassivated crystalline surfaces are examined 
microscopically, they are often found to have undergone significant atomic 
rearrangements in order to reduce the overall energy of the surface facets, typically 
through contraction of the surface atoms and other ordered displacements.  These 
reconstructions also disrupt the crystal periodicity and introduce new two-dimensional 
translational symmetry to the nanocrystal, which may yield another source of trap sites.  
However, in practice, most semiconductor nanocrystals are not used in vacuum, and are 
either embedded within a solid matrix such as another crystal or a glass, or they are 
suspended in solution and coated with organic molecules.  In these cases, the facets are 
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passivated by atoms or molecules that bond with the crystal surface atoms to reduce 
reconstruction and minimize intra-bandgap surface states.   
 
The overwhelming impact of the surface on quantum dot optical properties has now 
been established over the course of more than two decades of research.  The most 
prominent feature of this relationship is the fact that the fluorescence quantum yield can 
be significantly controlled through a wide variety of changes to the nanocrystal surface.  
For example, many III-V quantum dots like InP, are nearly nonfluorescent after 
synthesis, but can become strongly fluorescent after acid-induced etching of the 
surface.62  As well, colloidal nanocrystals passivated with organic molecules such as 
polymers and basic ligands have fluorescence quantum efficiencies that that are strongly 
dependent on the nature of the passivating agent.63-65    Figure 2.16 displays plots of the 
fluorescence quantum efficiency of CdSe quantum dots mixed with different basic 
ligands, showing that the emission efficiency is highly dependent on the chemical nature 
of the basic moiety, as well as the atom in the crystal to which it is bound, either 
cadmium or selenium.  The underlying mechanism for this ligand-tunable quantum yield 
is poorly understood, and few systematic studies have so far been undertaken.  A 
physical understanding of this phenomenon will likely be aided by ab initio computational 







Figure 2.16: Organic ligand effects on the fluorescence quantum yield of CdSe 
quantum dots.  Quantum dots with a diameter of 3.0 nm were synthesized in a 
trioctylphosphine oxide solvent, and then overcoated with an excess of cadmium or 
selenium ions.  Anion-rich surfaces have previously been found to almost entirely 
quench quantum dot fluorescence.66,67  The nanocrystals were purified and mixed with 
ligands in the ligand:quantum dot molar ratios shown above.  Ligands were primary 
amines (octylamine), thiols (octanethiol), phosphines (trioctylphosphine), phosphine 
oxides (trioctylphosphine oxide), or phosphonic acids (octylphosphonic acid). 
 
 
For practical light-emitting applications, it is advantageous to coat quantum dots with an 
insulating inorganic shell in order to stabilize and maximize the fluorescence.  This not 
only passivates the surface bonds without disrupting the crystal periodicity, but it also 
buries the semiconductor in a potential energy well, concentrating the charge carriers 
away from the nanocrystal surface. Thereby surface defect states and trap sites will 
have a diminished impact on the fluorescence efficiency and fewer environmental factors 
will influence the emission intensity.  In solid state devices, this process is quite simple, 
as overgrowth of an inorganic shell with a wider bandgap can be easily achieved with 
complete surface coverage.  In colloids, the task is more challenging, but major progress 
39 
 
has resulted in colloidal quantum dots with immensely stable fluorescence efficiency in 
many solvents and with many changes in local environment.  This protection of the 
charge carriers through a crystalline barrier has proven to be the most crucial part of 
quantum dot probe development, and is responsible for their high quantum efficiency 
under oxidizing conditions and substantial photostability.  In addition, growth of a shell 
significantly reduces the off-time of quantum dot blinking, and can be almost entirely 
eliminated with the overgrowth of a thick shell.50,51  Details of inorganic capping are 
outlined in section 2.3.3 and 2.3.4.2. 
 
For many applications it is useful to have a semiconductor nanocrystal surface that can 
interact with its surroundings.  In these cases it is beneficial to maximize the surface 
area of the material.  Figure 2.17 shows the fraction of surface atoms on a CdSe 
nanocrystal for different shapes and different sizes. It is apparent that spherical quantum 
dots have the smallest number of total surface atoms and are thermodynamically the 
most stable shape, thus making them ideal candidates for applications in which 
fluorescence modulation from external stimuli must be minimized.  On the other hand, 
elongated structures, such as rods and wires, maintain a large fraction of their 
constituent atoms on their surfaces, making them useful for applications in which the 
nanocrystal charge carriers can interact with the surrounding environment, such as for 







Figure 2.17: Dependence of the fraction of surface atoms on the nanocrystal 
shape.  Values were calculated for wurtzite CdSe, but trends will be similar for other 
materials.  Commonly encountered nanocrystal shapes are depicted, including spherical 
dots (blue), rods that grow in the axial direction (red, 4 nm width), rods that grow radially 
(green, 20 nm length), and  wires that grow radially (purple, 1 μm length).  All anisotropic 
nanocrystals are modeled as hexagonal cylinders.   
 
 
Several other interesting materials properties are closely linked with the fraction of 
surface atoms on the nanocrystal.  The melting temperature of semiconductor 
nanocrystals, and other nanocrystals, decreases as the size decrease, as a larger 
fraction of atoms of the crystal are on the disordered, incompletely passivated surface.7  
The surface energy differences between different crystal phases have also been used to 
explain alterations to the pressure-induced phase transitions in high surface-area 





2.2.5 Bandgap engineering.  Compared to bulk materials, semiconductor nanocrystals 
have a diverse range of parameters that can modulate the electronic bandgap, as 
outlined in Figure 2.18.  The bandgap of bulk semiconductors can only be tuned through 
the material composition.  Therefore an immense amount of research over the past 
century has focused on the properties of semiconductor alloys and semiconductor 
doping.  The discovery of quantum confinement of thin films immensely broadened 
bandgap engineering, quickly resulting in the production of devices containing quantum 
confined layers.  Although the bandgap can be tuned to a very large degree with one-
dimensional quantum confinement in a well, increasing the degree of confinement 
expands the bandgaps available for a material (Figure 2.13).  In addition to size, the 
shape of the nanocrystal can also be used to tune the bandgap as well as other useful 
properties, such as the polarization of emitted light.  For example, elongated CdSe 
quantum dots have bandgaps slightly smaller than spherical dots of the same radius, but 






Figure 2.18: Bandgap engineering in semiconductor nanocrystals.  The relative 
sizes of core and (core)shell nanocrystals are represented by cutaways of circles.  (A) 
For semiconductor nanocrystals smaller than the exciton, the bandgap increases with 
decreasing size.  (B) The bandgap of different semiconductor nanocrystals with similar 
sizes can have vastly different bandgaps, depending mostly on the bulk bandgap.  (C) 
Heterostructures, such as (core)shell structures, can have bandgaps modulated by the 
band offsets with type-I or type-II band alignments.  (D) Heterostructures with a large 




Quantum dot alloying has become area of rigorous research in the past 5 years, since 
Bailey and Nie reported the first homogeneously alloyed nanocrystals, composed of 
CdSeyTe1-y.
71  These materials are unique because the alloys emit light at longer 
wavelengths than either of the constituent binary compounds due to an optical bowing 
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effect.  Since this report, quantum dots have been prepared from the homogeneous 
alloys CdxZn1-xSe, CdxZn1-xS, and CdSeyS1-y.
58,72,73  Chapter 3 describes the optical 
properties of CdxHg1-xTe quantum dots prepared through cation exchange with an 
immensely wide bandgap range. A chemically related process is impurity doping, in 
which electron or hole donors are doped into the crystalline structure, creating an 
intraband defect energy level that allows lower energy light emission from the defect 
level to the ground state.  Although these nanocrystals have been purported to have 
beneficial properties for biolabeling, the understanding of the optical processes involved 
with their emission and their synthesis is still at an early stage.74-79 
 
Another mechanism of bandgap engineering for semiconductor nanocrystals is through 
heterostructure synthesis.  As previously mentioned, the growth of a wide bandgap shell 
on a nanocrystal immensely improves the emission efficiency.  In these particles, both 
the electron and hole are sequestered in the core material, which is a type-I 
configuration.  The bandgaps of the heterostructure components can also be chosen so 
that they are staggered (Figure 2.18C), resulting in spatial separation of the electron and 
hole, which is a type-II configuration.80  These nanocrystals have a smaller effective 
bandgap, which is spatially indirect.    In this case, one charge carrier is confined to the 
core, which is in three-dimensional confinement, whereas the other charge carrier is 
confined to the two-dimensionally confined shell. It is also possible to confine both of the 
charge carriers to the shell, resulting in a pseudo-spherical quantum well, or a quantum 
dot-quantum well.81  It has also been shown that these structures may be combined in a 
quantum dot-barrier-quantum well structure that demonstrates dual-color emission.82  In 
addition, if the materials constituting these heterostructures have different lattice 
constants, the band offset and bandgaps can be significantly altered by the interfacial 
strain (Figure 2.18D).  In this case, materials can be specifically chosen for their inherent 
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band offsets as well as their lattice constants to allow an even wider degree of bandgap 
control.  This effect will be described in detail in Chapter 4. 
 
 
2.3 Chemical Synthesis of Semiconductor Nanocrystals 
 
2.3.1 Early Quantum Dot Synthesis Methods. The synthesis of quantum confined 
semiconductor nanocrystals was first described in 1982 by Ekimov,1,2 who grew 
nanocrystals and microcrystals of CuCl semiconductors in glass matrices.  
Simultaneously many groups were exploring the colloidal synthesis of semiconductor 
materials, prepared through arrested precipitation.  First working with cadmium sulfide 
colloids, a sulfide (ammonium sulfide salt or hydrogen sulfide gas) and a cadmium salt 
(e.g. cadmium chloride or cadmium sulfate) were mixed in aqueous solution containing a 
stabilizer, either a small molecular weight ligand (e.g. ethyelenediaminetetraacetic acid) 
or a polymer (e.g. sodium hexametaphosphate or maleic anhydride/styrene 
copolymer).83-86  This stabilizer binds to the surfaces of nano- and micro-crystallites as 
they nucleate to prevent further growth and to stabilize their dispersion as colloids in 
solution.  In their absence, bulk CdS will quickly precipitate out of solution.  Brus first 
reported in 1983 that when these colloids are sufficiently small, they can exhibit quantum 
confinement effects.10,11  Soon thereafter it was reported that the compositional variety 
and the post-synthetic processibility of colloidal semiconductor nanocrystals could be 
significantly expanded through syntheses inside reverse micelles6,87-89 or with the use of 
molecular thiolate ligands.90-92   
 
2.3.2 Coordinating Solvent Synthesis. A major step toward the goal of monodisperse, 
colloidally dispersible, and highly fluorescent quantum dots was made by Bawendi and 
coworkers in 1993 with the introduction of nanocrystal synthesis in a high temperature 
coordinating solvent composed of trioctylphosphine (TOP) and trioctylphosphine oxide 
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(TOPO).12  This work demonstrated the production of CdS, CdSe, and CdTe 
nanocrystals with high crystallinity and monodispersity (<5% root mean square in 
diameter) over a broad range of sizes.  The utility of coordinating solvents93 and 
organometallic reagents6 had previously been established for colloidal nanocrystal 
synthesis, but this method presented a huge improvement in nanocrystal quality due to a 
temporal separation of nucleation and growth.  In this process organometallic reactants 
(dimethylcadmium and bis-trimethyoxysilyl chalcogenides) were injected into a hot 
coordinating solvent, yielding immediate nucleation of nanocrystal seeds.  The TOP and 
TOPO molecules contain basic phosphine functional groups that bond to the crystallite 
surfaces, limiting growth.  The alkyl chains from the coordinating ligands extend away 
from the nanocrystal surface, producing sterically stable colloids that are dispersible in 
nonpolar solvents.  The injection of a cold (room temperature) precursor solution into the 
hot solvent immediately reduces the reaction temperature, allowing nanocrystal growth 
to proceed slowly at a lower temperature, below the temperature threshold for 
nucleation.  This novel demonstration of temporal separation of nucleation and growth 
was found to be crucial for the production of monodisperse samples, although size-
selective precipitations were still necessary to improve the size distribution.   
 
The versatility of this technique has been proven over the ensuing years, resulting in 
monodisperse, highly crystalline nanocrystals composed of many types of 
semiconductors, metals, and oxides, and the chemical and colloidal mechanisms have 
been further elucidated.94-96  It has also been shown that the highly reactive and toxic 
organometallic precursors can be replaced with safer oxides and salts (Figure 2.19),97,98 
and that various parameters can be tweaked to allow monodisperse growth of specific 
sizes of nanocrystals without the need for post-synthesis size-selection.96,99  It has also 
been shown that this methodology is not unique to the phosphine and phosphine oxide 
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ligands used in this seminal study, as a wide variety of aliphatic coordinating ligands 
(e.g. alkylamines or alkanoic acids) have also been used,63,100,101 and they can even be 
largely diluted with non-coordinating solvents (e.g. octadecene or dioctyl ether) in order 
to save cost and enhance the tunability of sizes through the ligand concentration (Figure 
2.20).99,100  It has also been shown that it is possible to grow nanocrystal structures with 
a variety of shapes (e.g. rods, tetrapods, arrows) by controlling the reactivity of different 
crystalline facets through the concentration and chemical nature of the ligands and the 
concentration of monomers.95,102,103 
 
 
Figure 2.19: Precursors used for high temperature synthesis of CdSe 
nanocrystals. Cadmium precursors (A) and selenium precursors (B) are shown, which 







Figure 2.20: Common ligands and solvents used for high temperature nanocrystal 
synthesis.  Coordinating ligands (A) can serve a both ligands for quantum dots and as a 




2.3.3 Heterostructure Growth. The next major development in colloidal quantum dot 
synthesis was the demonstration that the overgrowth of an insulating shell on the 
surface of a quantum dot tremendously enhances the photoluminescence efficiency.  A 
large body of early work showed that the low room-temperature quantum efficiency of 
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aqueous quantum dots was likely due to surface defects and trap states, as discussed in 
section 2.2.4.104,105  For example, Arnim Henglein and coworkers found that the addition 
of excess cations to alkaline aqueous solutions of semiconductor colloids (e.g. Cd2+ for 
CdS) resulted in large fluorescence enhancements.106  This was hypothesized to be the 
results of surface defect passivation, and a similar trend was found for the addition of 
alkylamines.107  It was also reported that when a wider bandgap material (ZnS) was 
grown on top of semiconductor nanocrystals (CdSe) in reverse micelles, the 
luminescence efficiency was tremendously enhanced.108  A seminal report in 1996 by 
Philippe Guyot-Sionnest and coworkers demonstrated that the quantum yield of 
(core)shell (CdSe)ZnS nanocrystals prepared at high temperature in a coordinating 
solvent can reach 50% at room temperature.109  Bawendi and coworkers improved this 
synthetic method and analyzed the luminescence dependence of the shell thickness 
from the perspective of interfacial strain, which will be discussed in detail in Chapter 4.110   
 
2.3.4 Engineering of Modern Semiconductor Nanocrystal Bioimaging Probes.  A 
wide variety of synthetic methods for semiconductor nanocrystals have been described 
over the past decade.111,112 However the high temperature coordinating solvent 
syntheses have emerged as the most versatile and the most widely used techniques due 
to an unmatched combination of monodispersity, crystallinity, size control, shape control, 
photoluminescence efficiency, and colloidal stability of the resulting nanocrystals.  Based 
on these methods, the production of biologically functional quantum dots has now 
progressed from a chemical science to a multistep macromolecular engineering process.  
The most common fabrication scheme involves four steps: 1. Synthesis of the 
nanocrystal core, most often CdSe, in a high-temperature organic solvent.  2. Growth of 
an inorganic shell (usually ZnS) epitaxially on the core to protect the optical properties of 
the quantum dot.  3. Phase transfer of the nanocrystal from organic liquid phase to 
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aqueous solution.  4. Linkage of biologically active molecules to the nanoparticle surface 
to render functionality, or linkage of biologically inert polymers to the nanoparticle to 
minimize biological activity.  Each of these four steps will be described in detail. 
 
2.3.4.1 Core synthesis.  The synthesis of CdSe nanocrystals has advanced greatly over 
the past decade, allowing the generation of monodisperse quantum dots that can span 
the visible spectrum.  For this reason, CdSe has become the material of choice for 
quantum dots, especially for biological applications. In a typical synthesis of CdSe 
quantum dot cores (Figure 2.21), a room-temperature solution of elemental selenium 
dissolved in liquid TOP is swiftly injected into hot solution (290-350ºC) of TOPO and 
hexadecylamine containing a cadmium precursor (cadmium oleate or cadmium 
phosphonate) under intense stirring in an atmosphere of inert gas (argon or nitrogen). 
This injection immediately initiates thermodynamically-driven nucleation of tiny CdSe 
crystallites, as the precursors are introduced at concentrations (typically 10-100 mM) 
well above the solubility of the resulting semiconductor.   This initial nucleation event 
drastically reduces the concentrations of the monomers, and the cold injection 
simultaneously reduces the temperature to ~240-290C, which arrests nucleation 
seconds later.  Because a large amount of the reactants still remain in solution, growth 
can proceed homogeneously on similarly sized nuclei until a desired size is reached, or 
until the reactants are depleted.   Growth is kinetically controlled by monomer diffusion 
due to the high viscosity of the solvent (14 cp at the melting point of TOPO, ~50ºC), and 
through the reaction rate of monomers at the nanocrystal surface, due to strong and 
possibly anisotropic binding of the coordinating ligands with nanocrystal facets and with 
the semiconductor precursors.  Maintaining a high reaction temperature yields 





Figure 2.21: Traditional synthesis and capping of (CdSe)ZnS quantum dots in a 
coordinating solvent.  A three-necked flask is commonly used for synthesis in order to 
allow simultaneous monitoring of reaction temperature through a thermocouple, inert gas 
flow through a Schlenk line, and convenient injection of reagents.  A solution of selenium 
is swiftly injected into a hot mixture of cadmium oleate dissolved in trioctylphosphine 
oxide and hexadecylamine, initiating nucleation, and causing a rapid decrease in 
temperature.  The cores grow to a desired size at a temperature low enough that 
nucleation is arrested. The CdSe cores may then be capped with ZnS at a lower 
temperature.  Often it is desirable to purify the CdSe quantum dots before capping. 
 
 
The initial step of nucleation is so rapid that it is difficult to study experimentally, but the 
ensuing growth process is controllable and proceeds much more slowly, and distinct 
stages of growth have been identified.  After nucleation, remaining monomers grow 
epitaxially on the nuclei, and the nanocrystals reach a size-focusing point, at which the 
size distribution is the most narrow.94  Interestingly, the quantum yield of the 
nanocrystals also reaches a focusing point, at which the nanocrystals in the reaction 
reach a “bright point,” and afterward decrease in photoluminescence efficiency.96  After 
the size-focusing point the monomers become depleted, and the size distribution widens 
again (defocusing) due to Ostwald ripening, which is the dissolution of smaller particles 
into monomers that deposit on larger particles, which then continue to grow into larger 
crystals.94  These phases are highly dependent on the monomer concentration in 
solution, and many parameters of the synthesis (temperature, initial concentrations of 
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each of the precursors, solvent composition)63,96,99,113 may be tuned to adjust the size at 
which the nanocrystals are focused, at which point it is desirable to quench the reaction 
to obtain monodisperse particles, usually by decreasing the temperature until crystal 
growth is negligible.   
 
A vast number of potential parameter combinations have allowed the simple synthesis of 
CdSe quantum dots with diameters between 2-8 nm, with corresponding emission 
wavelengths of 450-650 nm, spanning the entire visible spectrum with just one 
composition (Figure 2.12).  By also adjusting the nanocrystal composition (ZnS, CdS, 
CdSe, CdTe, PbS, PbSe and their alloys), it is now possible to span the wavelength 
range of 300-4000 nm.71,80,96,114-117  The resulting quantum dots are coated in 
coordinating ligands and suspended in a crude mixture of the coordinating solvent and 
molecular precursors.  The nanocrystals are highly hydrophobic, which is a characteristic 
that allows them to be isolated and purified from the reaction mixture, either through 
liquid-liquid extraction (usually a mixture of hexane and methanol),43 or through 
precipitation from a polar solvent (methanol or acetone) that dissolves the reactants and 
coordinating ligands but not the quantum dots.12  The pure core quantum dots are then 
further processed to generate biological probes. 
 
2.3.4.2 Shell growth.  As discussed in section 2.2.4, a semiconductor nanocrystal 
contains a large number of surface atoms, which can serve as defect sites that quench 
photoluminescence.  The surface atoms of nanocrystals prepared through coordinating 
solvent syntheses are passivated by organic ligands like TOPO or hexadecylamine, 
which serve as an electrically insulating monolayer.  However the bond strength 
between the organic ligand and the semiconductor surface atom is much lower than the 
internal bond strength of the semiconductor lattice, and desorption of ligands makes the 
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core physically accessible.  Through overgrowth of a shell of wider bandgap than the 
underlying core, strong electronic insulation results in enhanced photoluminescence 
efficiency, and a stable shell provides a physical barrier to degradation or oxidation.  As 
an example, to passivate CdSe quantum dots with ZnS, the cores are purified to remove 
unreacted cadmium or selenium precursors, and then resuspended in a coordinating 
solvent such as hexadecylamine/trioctylphosphine oxide or 
octadecylamine/octadecene.63,66,110  Molecular precursors of zinc (diethylzinc or zinc 
oleate) and sulfur (hexamethyldisilathiane or elemental sulfur) dissolved in TOP or 
octadecene are then slowly added at elevated temperature.  The temperature for growth 
of ZnS on CdSe is chosen such that it is high enough to favor epitaxial crystalline 
growth, but is low enough to prevent nucleation of ZnS crystals, and to prevent Ostwald 
ripening of CdSe cores.  Normally this is a temperature around 160-220ºC.  The 
(core)shell (CdSe)ZnS nanocrystals are then purified just like the cores.  Although shell 
growth is a common procedure, uncapped CdSe cores are of also of great interest, 
especially for energy and charge transfer applications, in which physical access to 
charge carriers in the core is important. 
 
Structures like (CdSe)ZnS are highly strained due to the difference in lattice constant 
between the core and shell materials.  This interfacial strain can detrimentally impact the 
fluorescence emission efficiency of quantum dots through the formation of quenching 
defect sites.  In 2004 and 2005, the groups of Peter Reiss, Horst Weller, and Alf Mews 
reported that the strain-induced quenching can be vastly reduced with the growth of 
interim layers of intermediate lattice constants.54,55,118  For example, (CdSe)ZnSe/ZnS 
and (CdSe)CdS/ZnS were found to have higher photoluminescence quantum yield and 
photostability than single shell (CdSe)ZnS nanocrystals, and the shells could be grown 
to larger thicknesses before the emission yield diminished.  The exact mechanism of this 
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phenomenon is poorly understood and will be further explored in Chapter 4.  For shell 
growth, it is important to note that there are many reaction parameters that are not yet 
fully understood, many of which are known to drastically impact the optical and structural 
properties of the resulting nanocrystals.  For example, Weller reported that CdS grown 
on spherical CdSe nanocrystals could proceed as a homogeneous concentric sphere or 
as an elongated rod-like structure with mixed dimensionality of confinement, depending 
on the relative concentrations of cadmium and sulfur precursors and the temperature.70  
In addition, the lattice structure of the underlying core material can dictate the growth of 
the shell.  For example, Alivisatos reported that CdS shells can grow on pseudo-
spherical CdSe nanocrystals as either rods or tetrapods, depending on the symmetry of 
the crystal structure of the core.119  This finding was rationalized in terms of the reactivity 
of the surface facets of zinc blende and wurtzite phases, which is discussed further in 
Chapter 4.  Other recent developments in nanocrystal shell growth have shown that 
alternating the addition of the precursors may provide more homogeneous shell 
formation with a decreased probability of shell material nucleation, in a process called 
successive ion layer adsorption and reaction (SILAR).66  Further studies to elucidate 
mechanisms controlling heteroepitaxial growth may allow for the synthesis of 
nanocrystals with complex structures containing multiple chemical domains and 
compositional gradients.  
 
2.3.4.3 Phase Transfer.  Because quantum dots synthesized in coordinating solvents are 
coated with alkyl chains that render solubility only in nonpolar organic solvents, phase 
transfer is an essential and nontrivial step to employ these particles as biological 
reporters.    As an alternative approach, a large variety of aqueous colloidal methods can 
directly generate quantum dots ready for use in biological environments,120 but these 
protocols rarely achieve the level of monodispersity, crystallinity, stability, and 
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fluorescent efficiency as the quantum dots produced in high-temperature coordinating 
solvents.  Two general strategies have emerged to render hydrophobic quantum dots 
soluble in aqueous solution (Figure 2.21): ligand exchange, and amphiphilic 
encapsulation.  For ligand exchange, a suspension of TOPO-coated quantum dots may 
be mixed with a solution containing an excess of a heterobifunctional ligand, which has 
one functional group that binds to the nanocrystal surface, and another functional group 
that is hydrophilic.  Thereby, hydrophobic TOPO ligands are displaced from the 
nanocrystal through mass action, as the new bifunctional ligand adsorbs to render water 
solubility.  Using this method, (CdSe)ZnS quantum dots have been coated with 
mercaptoacetic acid and (3-mercaptopropyl)trimethoxysilane, both of which contain 
basic thiol groups to bind to the zinc atoms on the nanocrystal surface, yielding quantum 
dots displaying carboxylic acids or silane monomers, respectively.13,14  These methods 
generate quantum dots that are useful for biological assays, but ligand exchange is 
commonly associated with decreased fluorescent efficiency and a propensity to 
aggregate and precipitate in biological buffers.  More recently it has been shown that 
these problems can be alleviated by retaining the native nonpolar coordinating ligands 
on the surface, and covering the hydrophobic nanocrystal with amphiphilic molecules, 
such as lipids or polymers.121-123  These methods yield water-soluble quantum dots that 
are stable for long periods of time due to a protective bilayer encapsulating the 
nanocrystal through hydrophobic interactions.  No matter what method is used to 
suspend the nanocrystal in aqueous buffers, they should be purified from residual 
ligands and excess amphiphiles before use in biological assays, using 
ultracentrifugation, dialysis, or filtration. Also, when choosing a water solubilization 
method, it should be noted that many biological and physical properties of the 
nanoparticle may be affected by the surface coating, and the overall physical dimensions 
of the nanoparticles are highly dependent on the thickness of the coating.  Typically the 
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nanoparticles are much larger when encapsulated in amphiphiles, compared with those 




Figure 2.22: Transfer of hydrophobic nanocrystals to aqueous solution.  The two 
general mechanisms of ligand exchange (A) with mercaptoacetic acid or (3-
mercaptopropyl)trimethoxysilane and hydrophobic encapsulation (B) with octylamine-
modified polyacrylic acid are discussed in the text. 
 
 
2.3.4.4 Bioconjugation.  The use of quantum dots to observe molecular events in biology 
has become one of their most intriguing applications.  Biological specificity can be 
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rendered by coupling to peptides, proteins, aptamers, nucleotides, polysaccharides, or 
small molecule ligands. Methods used to modify aqueous nanocrystals with bioaffinity 
molecules fall under several broad categories, with applicability dictated by the specific 
nanocrystal surface coating (Figure 2.22).  Nanocrystals with accessible surface atoms 
can directly interact with biomolecules that contain chelating or strongly basic residues.  
This method has been used to successful tag quantum dots coated with hydrophilic thiol 
ligands using peptides and nucleotides with reduced thiols,124-126 and recombinant 
proteins containing histidine tags.127-130  The use of histidine tags is a powerful and 
versatile technique that is further discussed in Chapter 7.  These methods are generally 
not applicable for nanocrystals coated with thick hydrophobic bilayers, which have 
sterically inaccessible surface facets.  The most commonly used coupling scheme is the 
covalent coupling between functional groups of the organic surface coating and 
functional groups on proteins or other biomolecules.  This typically involves amide bond 
formation between carboxylic acid groups on the quantum dot and primary amines on 
proteins using carbodiimide chemistry, or the formation of a thioether between 
maleimide-activated primary amines on a quantum dot and a reduced thiol on a 
biomolecule.131  Although the former method is more widely applicable due to the 
ubiquity of primary amines in biomolecules, the later method is more specific, resulting in 
more predictable crosslinking geometries and reduced aggregation, especially for 







Figure 2.23: Bioconjugation methods used for aqueous semiconductor 
nanocrystals.  Methods are discussed in the text. 
 
The most commonly used water solubilization methods result in quantum dots covered 
with carboxylic acid functional groups, and thus these colloids are regarded as 
negatively charged colloids in neutral or basic buffers.13,122  This net negative charge can 
induce electrostatic association with positively charged molecules, a technique that has 
been used to coat quantum dots with cationic avidin proteins and recombinant maltose-
binding proteins fused with positively charged peptides.132,133  However this method is 
generally not advisable due to common occurrences of aggregation and the instability of 
electrostatic interactions under high salt conditions.  Bioconjugation may also be 
approached through a more modular direction using high-affinity streptavidin-biotin 
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binding.  Quantum dot-streptavidin conjugates are convenient for indirect binding to a 
broad range of biotinylated biomolecules, which are widely available commercially.122  
Biocompatible quantum dots are now commercially available, conjugated to a variety of 
functional biological molecules, like streptavidin, biotin, or monoclonal antibodies. 
Currently, bioconjugation methods are a major limiting step in the production of quantum 
dots for bioimaging applications due to the poor efficiency, specificity, reproducibility, 
scalability, and versatility of most coupling schemes, and due to the inability to control 
the stoichiometry and geometry of binding.134 More complex and specific bioconjugation 
methods are currently in development, including nickel-NTA-histidine interactions, 
SNAP-tagging, HALO-tagging, and crosslinking to glycosylated residues on proteins, 
which should alleviate these problems.131,135  It should be noted that many applications 
require fluorescent nanocrystals without a biological function.  In these instances, it is 
useful to modify the surfaces of these colloids to minimize nonspecific binding 
interactions, using bioinert molecules such as polyethylene glycol. 
 
2.4 Biological Applications of Semiconductor Nanocrystals 
The integration of nanotechnology with biology and medicine is expected to radically 
advance our understanding of life and pathology, and improve our ability to detect and 
cure diseases.122,123,131,136-158  Semiconductor quantum dots are one of the prime 
examples of this great expectation, and their use as fluorescent probes has already 
shown promise for detecting biomolecules, observing biological events, and detecting 
diseases.  The potential of quantum dots stems from the unique optical properties of 
these nanocrystals outlined earlier in this chapter, especially the bright and tunable 
narrow-band fluorescence emission, tremendous photostability, and broad absorption 
spectra, which are unmatched by any other current probes.  Modern quantum dot 
bioimaging agents have developed considerably in the past decade, and a variety of 
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complex macromolecular architectures have been utilized, as outlined in Figure 2.23.  
These light-emitting nanoparticles meet many of the needs of biologists and physicians 
studying the most infrequent events biology that require ultrasensitive detection, for 
which there is currently a dearth of useful tools.  The striking ability to detect quantum 
dots with great sensitivity, even down to the single molecule level, should soon make 
great strides in the detection of low concentration cancer biomarkers and viruses, the 
development of high-throughput screening assays, the observation of events inside of 
living cells in real time, molecular profiling of cancer tissue, laparoscopic imaging of 







Figure 2.24: Schematic diagrams of nonfunctionalized and bioconjugated 
quantum dot probes for sensing and imaging applications.  From left to right, 
biologically nonfunctional quantum dots (top) can be coated with a monolayer of 
hydrophilic thiols or a cross-linked silica shell, or they can be encapsulated in micelles 
using amphiphilic polymers based on polyacrylic acid or polyethylene glycol.  Quantum 
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dot bioaffinity probes (middle) can be prepared by conjugation to streptavidin for modular 
and high affinity coupling with biotinylated molecules, coupling to antibodies for detection 
of specific antigens, attachment to small molecule ligands, peptides, or aptamers, or 
coupling to cationic peptides like the HIV-1 Tat peptide for high efficiency induction of 
endocytosis.  Quantum dot biosensors (bottom) have also been prepared for FRET-
based sensing of proteins, FRET-mediated sensing of DNA, or BRET-induced quantum 
dot bioluminescence.  These sensors are described in detail in the text. 
 
 
2.4.1 Comparison Between Semiconductor Quantum Dots and Conventional 
Fluorophores.  Organic dyes and fluorescent proteins have been used in nearly all 
conceivable detection scenarios throughout biology, from single molecule imaging inside 
living cells to macroscopic animal imaging.  The fundamental optical advantages of 
fluorescent quantum dots over these conventional light emitters arise from their 
crystalline semiconductor nature, which yields a large density of electronic states with 
negligible atomic reorganization. Most importantly, the brightness of a quantum dot is 
several orders of magnitude greater than that of an organic dye or fluorescent protein.  
Many dyes and quantum dots have similar quantum efficiencies (~20-80% in water), but 
the molar extinction coefficients of quantum dots are much larger, generally 1-5 x 106 M-1 
cm-1, compared to 5-10 x 104 M-1 cm-1 for dyes.43  This brightness is useful for the 
detection of single quantum dots with lower excitation intensities and with higher 
temporal resolution compared to organic dyes.  In addition, recently it has been shown 
that quantum rods and tetrapods can have even larger extinction coefficients, greater 
than 108 M-1 cm-1,119 theoretically 1000 times brighter than most organic fluorophores.  
The two-photon cross-sections of quantum dots are also extremely large, 100-20,000 
times that of organic dyes.159  The effective brightness of quantum dots is also a result of 
the width of their absorption bands compared to organic dyes (Figure 2.24), allowing 
excitation at short wavelengths that do not overlap with the emission bands for the 
detection of a greater fraction of emitted light than what is possible for organic dyes.  As 
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well, because the emission bands are narrow (typically 25-35 nm FWHM) and Gaussian, 
quantum dots are ideal candidates for multiplexing applications for the simultaneous 
detection of multiple analytes and for spectral encoding.     
 
 
Figure 2.25: Comparison of the spectral features of organic dyes and quantum 
dots.  Absorption (A) and fluorescence (B) spectra are shown for the organic dye 
fluoresceine isothiocyanate (FITC; blue) and a CdSe nanocrystal (~2.4 nm diameter; 
green) with a similar fluorescence maximum. 
 
 
The photostability of quantum dot emission is one of the most important properties for 
long term observation of signals necessary for the study of events in living cells.  Most 
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studies have shown that quantum dots are hundreds to thousands of times more stable 
against photodegradation than organic dyes.13,14,51  This remarkable advantage stems 
from the capacity to grow an insulating inorganic shell on the quantum dot, as discussed 
in section 2.2.4, which can protect the optical elements from oxidative degradation.  
Embedding organic fluorophores in beads leads to a similar stabilization in fluorescence 
emission, but the resulting particles generally have other associated disadvantages, 
such as a vast increase in size and a propensity for nonspecific binding.  The excited 
state lifetime is also much larger for quantum dots compared to organic dyes (Section 
2.2.3), which can allow an even greater level of detection sensitivity through time-gated 
spectroscopy due to the short fluorescence lifetimes of intrinsic biological 
fluorophores.160  Quantum dots are also superior in their optical and chemical versatility, 
as their emission wavelength can be tuned with great precision merely by adjusting the 
size or composition of the nanocrystal.  Because various colors of semiconductor 
nanocrystals can be coated with the same organic ligands and polymers, they can all be 
conjugated to biological molecules using the same chemistry.  In contrast, preparing 
dyes with new wavelengths of emission requires the development of an entirely new 
chemical species with possibly different functional groups for conjugation, and the 
development of new fluorescent proteins requires difficult and consuming protein 
engineering. Importantly, quantum dot fluorescence can be engineered to span the near-
infrared spectrum, a spectral region of great sensitivity in biological environments for 
which no stable or bright organic dyes exist. 
 
The most important disadvantage of quantum dots compared to organic dyes and 
proteins is their colloidal nature. These particles are often 5-30 nm in hydrodynamic 
diameter when dispersed in water, making them comparable to the size of large 
proteins.  As such, they do not have the diffusive molecular nature of organic dyes, and 
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cannot natively perform some of their most useful tasks, such as plasma membrane 
translocation, and high efficiency energy transfer.  However this colloidal nature is an 
advantage under some circumstances.  For example, quantum dots are highly electron-
dense and are therefore innately discernable via electron microscopy, which is not 
possible for small organic dyes.161,162  In addition, because of their large surface areas, 
multiple bioaffinity molecules may be attached to a single quantum dot, which could 
have enhanced affinity through multivalent interactions.  As well, stable polymeric 
coatings on quantum dots can render them stable under harsh biological conditions, 
such as low-pH endosomes and oxidative peroxisomes, which could degrade 
conventional dyes.  From a biocompatibility perspective, most conventional quantum 
dots contain highly toxic elements, such as cadmium, mercury, or lead.  Although many 
organic dyes are also known to be highly cytotoxic, the potential cellular and organismal 
toxicity specific to semiconductor nanocrystals must be carefully addressed before some 
of their hypothetical applications are pursued (Section 2.4.5 and Chapter 7).   
 
2.4.2 In Vitro Diagnostic Assays. Screening of blood, urine, and other bodily fluids for 
the presence of biomolecules has become a routine and vital part of modern medicine.  
Especially relevant today are screening assays for viral antigens and cancer markers, 
which have become commonly used diagnostic techniques, yet are limited by the lack of 
specific soluble markers and sensitive means to detect them at low concentration.  
Although many cancer biomarkers have been identified, including proteins, specific DNA 
or mRNA sequences, and circulating tumor cells, the specificity of only one of these 
markers for cancer is generally poor, as exemplified by the prostate specific antigen 
(PSA) screening test for the detection of prostate cancer.163  Indeed, specific cancer 
diagnosis from serum samples alone may only be possible with a multiplexed approach 
to assess a large number of biomarkers.164  On the other hand, viral antigens are often 
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quite specific for particular strains of viral infections, but may only be present in copy 
numbers too low to be detected.  Quantum dots could not only serve to improve the 
sensitivity of biomarker detection, but they could also allow the detection of hundreds to 
thousands of molecules simultaneously.  Experimental groundwork has already begun to 
demonstrate the feasibility of these expectations, as quantum dots have found to be 
superior to conventional fluorescent probes in many types of clinical assays. 
 
2.4.2.1 Protein Immunoassays.  The ability to detect viral infections and screen for 
cancer in its earliest stages necessitates highly sensitive assays to detect viral antigens 
and biomarkers of carcinogenesis.  The current gold standards for detecting low copy 
number proteins are enzyme-linked immunosorbent assays (ELISA), which have a limit 
of detection in the pM range. Although these assays are used clinically, they are labor-
intensive, time-consuming, prohibitive of multiplexing, and expensive.  In this regard, the 
high sensitivity of quantum dot detection could possibly increase the clinical relevance 
and routine use of diagnosis based on low-copy number proteins.  Quantum dots have 
been successfully used as substitutes for organic fluorophores and colorimetric reagents 
in a variety of immunoassays for the detection of specific proteins, yet they have not 
demonstrated an increase in sensitivity (100 pM).165,166  Increasing the sensitivity of 
these probes may only be a matter of optimizing bioconjugation parameters and assay 
conditions, although the multiplexing capabilities of these probes have already been 
demonstrated.  Hedi Mattoussi and coworkers simultaneously detected four toxins using 
four different quantum dots, emitting between 510 nm and 610 nm, in a sandwich 
immunoassay configuration with a single excitation source.167  Although there was 
spectral overlap of the emission peaks, deconvolution of the spectra revealed 
fluorescence contributions from all four toxins. This assay was far from quantitative, 
however, and it is apparent that fine-tuning of antibody cross-reactivity will be required to 
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make multiplexed immunoassays useful.  Similarly, Savvas Makrides and coworkers 
demonstrated the ease of simultaneously detecting two proteins with two spectrally 
distinct quantum dots in a Western blot assay.168 
 
2.4.2.2 Protein Biosensors. Biosensors are a new class of probe developed for 
biomarker detection on a real-time, continuous basis in a complex mixture. Assays 
resulting from these new probes could be invaluable for cancer biomarker detection and 
viral infection diagnosis because of their high speed, ease of use, and low cost, enabling 
quick point-of-care screening.  Quantum dots are optically ideal for biosensor 
applications due to their resistance to photobleaching, allowing for continuous monitoring 
of signal.  Fluorescence resonance energy transfer (FRET) has been the most common 
mechanism used to render quantum dots switchable from a quenched “off” state to a 
fluorescent “on” state. FRET is the nonradiative energy transfer from an excited donor 
fluorophore to an acceptor. The acceptor can be any molecule (such as a dye or another 
nanoparticle) that absorbs radiation at the wavelength of the emission of the donor (the 
quantum dot). Mattoussi and coworkers used quantum dots conjugated to maltose 
binding proteins as an in situ biosensor for detection of the sugar maltose (Figure 2.23, 
bottom left).130 By initially incubating the quantum dot with an energy-accepting dye that 
is conjugated to a sugar recognized by the receptor, excitation of the quantum dot (blue) 
yields little fluorescence, as the energy is nonradiatively transferred (grey) to the dye 
with ~60% efficiency.  Upon addition of maltose, the quencher-sugar conjugate is 
displaced, restoring fluorescence (green) in a concentration-dependent manner.  
Quantum dot biosensors have also been assembled that do not require binding and 
dissociation to modulate quenching and emission. However before this work can be 
translated into clinical tools, these probes must be optimized for higher detection 
sensitivity, which will require higher quenching efficiencies. 
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2.4.2.3 Nucleic Acid Detection.  Early detection and diagnosis of cancer and viral 
infections could be greatly improved with genomic screening of individuals for hereditary 
predispositions to certain types of cancers, by detecting mutated genes and other 
nucleic acid biomarkers for cancer in bodily fluids, and by detecting low-copy number 
viral genes.  The current gold standard for sensitive detection of nucleic acids is 
polymerase chain reaction (PCR) combined with a variety of molecular fluorophore 
assays, commonly resulting in a detection limit in the fM range.  However, like ELISAs, 
the clinical utility of nucleic acid analysis for cancer diagnosis is precluded by its time 
and labor consumption and poor multiplexing capabilities.  Many types of new 
technologies have been developed recently for the rapid and sensitive detection of 
nucleic acids, most notably RT-PCR and nanoparticle-based biobarcodes,169 each of 
which have a limit of detection in the tens of molecules. However quantum dots could 
have an advantage in this already technologically crowded field because of their 
multiplexing potential.  Alivisatos and coworkers reported the detection of specific single 
nucleotide polymorphisms of the human p53 tumor suppressor gene using quantum dots 
in a microarray assay format,170 although the level of sensitivity (2 nM) was far from 
current standards.  Importantly, this work demonstrated the capacity to simultaneously 
detect two different DNA sequences using two different quantum dots. 
 
Recently Tza-Huei Wang  developed a quantum dot biosensor for DNA, analogous to 
the aforementioned protein biosensor (Figure 2.23, bottom middle).171    By mixing the 
ssDNA to be detected with (a) an acceptor fluorophore conjugated to a DNA fragment 
complementary to one end of the target DNA and (b) a biotinylated DNA fragment 
complementary to the opposite end of the target DNA, these nucleotides hybridize to 
yield a biotin-DNA-fluorophore conjugate.  Upon mixing this conjugate with streptavidin-
coated quantum dots, nanocrystal fluorescence (green) is quenched via nonradiative 
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energy transfer (grey) to the fluorophore conjugate.  This dye acceptor then becomes 
fluorescent (red), specifically and quantitatively indicating the presence of the target 
DNA.  Because quantum dots have broadband absorption compared to organic dyes, 
excitation of the nanocrystal construct at a short wavelength does not directly excite the 
dye, thereby allowing extremely low background signals.  This allows the highly sensitive 
and quantitative detection of as few as 50 DNA copies with sufficient specificity to 
differentiate single nucleotide differences.  However this strategy is not ideal for high-
throughput analysis of multiple biomarkers because sensitive detection required the 
analysis of single quantum dots, followed by statistical data analysis.   
 
2.4.2.4 High-Throughput Multiplexing.  Rather than using single quantum dots for 
identification of single biomarkers, it has been proposed that different colors of quantum 
dots can be combined into a larger structure, such as a microbead, to yield an “optical 
barcode.” With the combination of 6 quantum dot emission colors and 10 quantum dot 
intensity levels for each color, one million different codes are theoretically possible. A 
vast assortment of biomarkers may be optically encoded by conjugation to these beads, 
opening the door to the multiplexed identification of many biomolecules for high-
throughput screening of biological samples. Pioneering work was reported by Nie and 
coworkers in 2001, in which 1.2 μm polystyrene beads were encoded with three colors of 
quantum dots (red, green, and blue) and different intensity levels.172 The beads were 
then conjugated to DNA, resulting in different nucleic acids being distinguished by their 
spectrally distinct optical codes. These encoded probes were incubated with their 
complementary DNA sequences, which were also labeled with a fluorescent dye as a 
target signal. The hybridized DNA was detected through colocalization of the target 
signal and the probe optical code, via single-bead spectroscopy, using only one 
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excitation source. The bead code identified the sequence, while the intensity of the 
target signal corresponded to the presence and abundance of the target DNA sequence.  
 
The high-throughput potential of this report was realized in 2003 with the use of a similar 
system to detect DNA sequences that differed by only one nucleotide (single nucleotide 
polymorphisms).173 In this work, 194 samples of 10 different DNA sequences from 
specific alleles of the human cytochrome P450 gene family were correctly identified by 
hybridization to encoded probes. High-throughput analysis was achieved by the use of 
flow cytometry to identify spectral codes, rather than single-bead spectroscopy. This 
identification would have been considerably more difficult with organic fluorophores due 
to the fact that their emission peaks overlap, obscuring the distinct codes, and because 
multiple excitation sources would be required.  Further studies on such nano-barcoding 
technologies have shown that in comparison to standard planar chips, bead-based 
multiplexing has the advantages of greater sensitivity, higher statistical analysis, faster 
assaying time, and the flexibility to add new probes at lower costs.174-177  It is foreseeable 
that once encoded libraries have been developed for identification of nucleic acid 
sequences and proteins, solution-based multiplexing of quantum dot-encoded beads 
could quickly produce a vast amount of genomic and protein expression data.  This 
could not only be used to discover new biomarkers for disease, but it could also open 
the door to simple and fast genotyping of patients and cancer classification for 
personalized medical treatment.   
 
2.4.3 Cellular Labeling. Fluorescent dyes have been indispensible tools for cellular 
labeling since the introduction of immunohistochemistry in 1942.178  In 1994, the 
recombinant expression of green fluorescent protein opened new doors for highly 
specific fluorescent detection and monitoring of protein expression and localization.179  
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Despite the many discoveries that have resulted from these techniques, organic dyes 
and fluorescent proteins are extremely limited in their optical capabilities, especially in 
their capacity for analyte quantification, multiplexing, single molecule detection, and 
continuous monitoring of stable signals.  This is especially true for applications in 
pathological evaluation of fixed tissues and for monitoring single molecules in living cells. 
 
2.4.3.1 Labeling of fixed cells and tissues. The feasibility of using quantum dots for 
biomarker detection in fixed cellular monolayers was first demonstrated by Alivisatos and 
coworkers in 1998.14 By labeling nuclear antigens with green silica-coated quantum dots 
and F-actin filaments with red quantum dots in fixed mouse fibroblasts, these two 
spatially distinct intracellular antigens were simultaneously detected. This article and 
others13,122 have demonstrated that quantum dots are brighter and dramatically more 
photostable than organic fluorophores when used for cellular labeling. Many different 
cellular antigens in fixed cells and tissues have been labeled using quantum dots, 
including specific genomic sequences,180,181 mRNA,182 plasma membrane proteins,122,183 
cytoplasmic proteins,14,122 and nuclear proteins,14,122 and it is apparent that they can 
function as both primary and secondary antibody stains. In addition, high resolution actin 
filament imaging has been demonstrated using quantum dots,122 and the fluorescence 
can be correlated directly to electron micrograph contrast due to the high electron 
density of semiconductor nanocrystals.161,162 It is now clear that quantum dots are 
superior to organic dyes for fixed cell labeling.   
 
With this knowledge, it is evident that one of the most promising applications for cellular 
labeling with quantum dots is for the evaluation of pathological tissue specimens for 
cancer diagnosis.  Pathological evaluation of biopsies of primary tumors and their distal 
metastases is the most important cancer diagnostic technique in practice.  After 
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microscopic examination of the tissue, a pathologist predicts a grade and stage of tumor 
progression, so that the cancer can be classified to give a prognosis and appropriate 
treatment regimen.  However evaluation is based primarily on qualitative morphological 
assessment of the tissue sections, sometimes with fluorescent staining of the tissue for 
specific cancer biomarkers.  This field is highly subjective, and diagnoses of identical 
tissue sections may vary between pathologists.  A more objective and quantitative 
approach based on biomarker detection would increase diagnostic accuracy.  Quantum 
dots are ideal candidates for quantitative staining of tissues for biomarkers because of 
their optical multiplexing capacity and because they have already been proven to be 
outstanding probes for fluorescent detection of proteins and nucleic acids in cells.  
However the translation from fixed cell labeling to labeling of formaldehyde-fixed, 
paraffin-embedded tissue sections of tumor biopsies is not simple due to the high 
autofluorescence and the loss of antigen presentation associated with the embedding 
and fixation processes.  Nevertheless, early tissue section labeling experiments with 
quantum dots have shown success for detecting biomarkers rat neural tissue,184 human 
skin basal cell carcinomas,183 and human tonsil tissue.185  More recently, the 
multiplexing, quantitative capacity of quantum dot labeling has been realized in fixed, 
embedded prostate cancer specimens,131,144,186 breast tumor specimens,144,187 and in 
coronary arteries and aortas.188  The recent advances in immunohistochemistry (IHC) for 
protein detection and fluorescence in situ hybridization (ISH)180,181 for nucleic acid 
detection using quantum dot probes could revolutionize clinical evaluation of cancer 
biopsies because of the large number of biomarkers that could be detected 
simultaneously. 
 
2.4.3.2 Live Cell Imaging. Despite advances in the labeling of fixed cells and tissues with 
semiconductor quantum dots, only limited progress has been made in developing 
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quantum dot probes for imaging inside living cells.  A major problem is the lack of 
efficient methods for delivering single quantum dots into the cytoplasm of a living cell. A 
common observation is that quantum dots tend to aggregate inside cells, and are often 
trapped in endocytotic vesicles such as endosomes and lysosomes.  
 
2.4.3.2.1 Imaging and Tracking of Membrane Receptors. Quantum dot bioconjugates 
have been found to be powerful imaging agents for specific recognition and tracking of 
plasma membrane antigens on living cells.  In 2002 Thomas Jovin and coworkers 
coupled red-light emitting (CdSe)ZnS nanocrystals to epidermal growth factor, a small 
protein with a specific affinity for the erbB/HER membrane receptor.189  After addition of 
these conjugates to cultured human cancer cells, receptor-bound quantum dots could be 
identified at the single-molecule level.  The bright, stable fluorescence emitted from 
these quantum dots allowed the continuous observation of protein diffusion on the 
cellular membrane, and could even be visualized after the proteins were internalized.  
Maxime Dahan and coworkers similarly reported that quantum dots conjugated to an 
antibody fragment specific for glycine receptors on the membranes of living neurons 
allowed tracking of single receptors.190  These conjugates showed superior 
photostability, lateral resolution, and sensitivity relative to organic dyes.  These 
applications have inspired the use quantum dots for monitoring other plasma membrane 
proteins such as integrins,191,192 tyrosine kinases,193,194 G-protein coupled receptors,195 
and membrane lipids associated with apoptosis.196,197  As well, detailed procedures have 
recently been published for receptor labeling and visualization of receptor dynamics with 
quantum dots,198,199 and new techniques to label plasma membrane proteins using 




2.4.3.2.2 Intracellular Delivery of Quantum Dots. A variety of techniques have been 
explored to label cells internally with quantum dots using passive uptake, receptor-
mediated internalization, chemical transfection, and mechanical delivery. Quantum dots 
have been loaded passively into cells by exploiting the innate capacity of many cell types 
to uptake their extracellular space through endocytosis.202-204  It has been found that the 
efficiency of this process may be dramatically enhanced by coupling the nanocrystals to 
membrane receptors.  This is likely due to the avidity-induced increase in local 
concentration of the nanoparticles at the surface of the cell, as well as an active 
enhancement caused by receptor-induced internalization.189,203,205  However, these 
methods lead to sequestration of aggregated nanoparticles in vesicles, showing strong 
colocalization with membrane dyes.  Although these quantum dots cannot diffuse to 
specific intracellular targets, this is a simple way to label cells, and an easy method to 
fluorescently image the process of endocytosis.  Nonspecific endocytosis was also 
utilized by Alivisatos and coworkers to fluorescently monitor the motility of cells on a 
quantum dot-coated substrate.204  The path traversed by each cell became dark, and the 
cells increased in fluorescence as they took up more quantum dots.  Chemical 
transfection methods were originally developed for the intracellular delivery of a wide 
variety of drugs and biomolecules, enhancing plasma membrane translocation with the 
use of cationic lipids or peptides.206-210  The efficacy of these carriers for the intracellular 
deliver of quantum dots is discussed below.  Mechanical delivery methods include 
microinjection of nanoparticles into individual cells, and electroporation of cells in the 
presence of the quantum dots.  Microinjection has been reported to deliver quantum dots 
homogeneously into the cytoplasms of cells,121,210 however this method is of low 
statistical value, as careful manipulation of single cells forbids the use of large sample 
sizes.  Electroporation makes use of the increased permeability of cellular membranes 
under pulsed electric fields to deliver nanoparticles, but this method has been reported 
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to result in aggregation of quantum dots in the cytoplasm,210 and generally results in 
widespread cell death.   
 
Despite the current technical challenges, quantum dots are quickly gaining popularity as 
intracellular probes due to their intense, stable fluorescence, and recent reports have 
demonstrated that intracellular targeting is not far off.  In 2004, Sangeeta Bhatia and 
coworkers demonstrated that quantum dots conjugated to organelle-targeting peptides 
could specifically stain either cellular mitochondria or nuclei following microinjection into 
fibroblast cytoplasms.210  Similarly, Faqing Chen and coworkers targeted peptide-
quantum dot conjugates to cellular nuclei, using electroporation to overcome the plasma 
membrane barrier.206  These schemes have resulted in organelle-level resolution of 
intracellular targets for living cells, yielding fluorescent contrast of vesicles, mitochondria, 
and nuclei, but not the ability to visualize single molecules.  Recently Dahan and 
coworkers demonstrated the capacity to image individual kinesin motors in HeLa cells 
using quantum dots delivered into the cytoplasm via osmotic lysis of pinocytotic 
vesicles.211  By incubating the cells in a hypertonic solution containing the nanoparticles, 
water efflux resulted in membrane invagination and pinocytosis, trapping extracellular 
quantum dots in endosomal vesicles.  Then a brief incubation in hypotonic medium 
induced intracellular water influx, rupturing the newly formed vesicles, and releasing 
single quantum dots into the cytosol.  All of the nanoparticles were observed to undergo 
random Brownian motion in the cytoplasm.  However if these quantum dots were first 
conjugated to kinesin motor proteins, a significant population of the nanocrystals 
exhibited directional motion.  The velocity of the directed motion and its processivity 
(average time before cessation of directed motion) were remarkably close to those 
observed for the motion of these conjugates on purified microtubules in vitro.  Although 
this work managed to overcome the plasma membrane diffusion barrier, it highlighted a 
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different problem fundamental to intracellular imaging of living cells, which is the 
impossibility of removing probes that have not found their target.  In this report, the 
behavior of the quantum dots was sufficient to distinguish target-bound quantum dots 
from those that were not bound to their target, but this will not be the case for the 
majority of other protein targets.  Without the ability to wash away unbound probes like 
what is possible in the intracellular labeling of fixed, permeabilized cells, the need for 
activateable probes that are „off‟ until they reach their intended target is apparent.  
However quantum dots have already found a niche for quantitative monitoring of motor 
protein transport and for tracking the fate of internalized receptors, allowing the study of 
downstream signaling pathways in real time with high signal-to-noise and high temporal 
and spatial resolution.189,193,194,212,213 
 
2.4.3.2.2 Cell-Penetrating Quantum Dots. Cell-penetrating peptides are a class of 
chemical transfectants that have garnered widespread interest due to the high 
transfection efficiency of their conjugated cargo, versatility of conjugation, and low 
toxicity.  Although the mechanism of delivery is still a matter of some debate,214-220 
quantum dots have been successfully delivered to cells using cell-penetrating peptides 
such as polyarginine and HIV-1 Tat.208,212,221 Nie and coworkers recently used Tat 
peptide-conjugated quantum dots to examine the cellular uptake and intracellular 
transport of nanoparticles in live cells, and confirmed previous reports of a 
macropinocytosis internalization mechanism.222  The engulfed nanocrystals were found 
to be tethered to the inner surfaces of vesicles, and were actively transported by 
molecular motors (such as dyneins) along microtubules to the microtubule organizing 
center (MTOC).223  In addition, the nanoparticle conjugates attach to filopodia, and were 
observed to bud off from fliopodial tips as quantum dot-loaded vesicles.  These results 
provide new insights into the mechanism of Tat peptide mediated delivery, and are also 
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important to the development of nanoparticle probes for intracellular targeting and 
imaging.   
 
Another class of quantum dot probe can mediate cellular internalization and endosomal 
disruption through the „proton-sponge effect.224-226 Although the mechanism of this effect 
is also unclear, polymers and nanoparticles containing a large number of conjugate 
bases with buffering capacity in the pH 5-6 range are known to disrupt endosomal 
organelles in living cells.  This may be caused by a buffering of influxed protons in acidic 
endosomes, which causes an osmotic influx of water that ruptures the vesicles.  
Recently Nie and coworkers coated quantum dots with an endosomolytic hyperbranched 
copolymer ligand composed of polyethylenimine grafted to polyethylene glycol.227  The 
resulting quantum dots were highly stable in acidic solution,228 and escape from vesicles 
was found to be mediated by the grafting ratio of PEG, which showed an inverse 
relationship with cytotoxicity. In further developments, it was found that these polymeric 
coatings can be engineered to balance the electrostatic charge and the proton absorbing 
capacity to allow coulombic adsorption of silencing RNA and release from 
endosomes.229  These proton-sponge conjugates were found to have gene silencing 
efficiencies 10-20 times greater than commercial siRNA delivery agents, and also 
allowed fluorescence and electron microscopic imaging.    
 
Dusica Maysinger and coworkers recently reported that very small quantum dots (2.2 
nm) coated with small molecule ligands (cysteamine) spontaneously translocate to the 
nuclei of murine microglial cells following cellular uptake through passive endocytosis.230 
In contrast, larger nanocrystals (5.5 nm) and small quantum dots bound to albumin were 
located in the cytosol only.  This is fascinating because these particles could not only 
escape from endocytotic vesicles, but they were also subjected to an unknown type of 
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active machinery that attracted the quantum dots to the nucleus.  Igor Nabiev studied a 
similar trend of size-dependent quantum dot segregation in human macrophages, and 
found that small nanoparticles may target nuclear histones and nucleoli after active 
transport across the nuclear membrane.231   They found that the size cut-off for this 
effect was around 3.0 nm.  Larger nanocrystals eventually ended up in vesicles in the 
MTOC region, although some quantum dots were found to be free in the cytoplasm.  
This group proposed that the proton-sponge effect was also responsible for endosomal 
escape, as their small carboxyl-coated quantum dots could buffer in the pH 5-7 range.  
These insights are important for the design and development of nanoparticle agents for 
intracellular imaging and therapeutic applications.   
 
2.4.4 In Vivo Animal Imaging. Compared to the study of living cells in culture, different 
challenges arise with the increase in complexity to a multicellular organism, and with the 
accompanying increase in size.  Unlike monolayers of cultured cells and thin tissue 
sections, tissue thickness becomes a major concern because biological tissue 
attenuates most signals used for imaging.  Optical imaging, especially fluorescence 
imaging, has been used in living animal models, but it is still limited by the poor 
transmission of visible light through biological tissue. It has been suggested that there is 
a near-infrared optical window in most biological tissue that is the key to deep-tissue 
optical imaging.232  The rationale is that Rayleigh scattering decreases with increasing 
wavelength, and the major chromophores in mammals, hemoglobin and water, have 
local minima in absorption in this window.  Few organic dyes are available that emit 
brightly in this spectral region, and they suffer from the same photobleaching problems 
as their visible counterparts, although this has not prevented their successful use as 
contrast agents for living organisms.233  One of the most distinct advantages of quantum 
dots for imaging in living tissue is that their emission wavelengths can be tuned 
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throughout the near-infrared spectrum by adjusting their composition and size, resulting 
in photostable fluorophores that are stable in biological buffers.155   
 
2.4.4.1 Biodistribution of Quantum Dots.  For most in vivo imaging applications using 
nanoparticle contrast agents, systemic delivery into the bloodstream will be the primary 
mode of administration.  For this reason, the interactions of the nanoparticles with the 
components of plasma, the specific and nonspecific adsorption to blood cells and 
vascular endothelium, and the temporal biodistribution are of great interest.  Soon after 
exposure to blood, quantum dots may be adsorbed by various proteins which could 
significantly alter their physicochemical properties and bioaffinity.  It is also feasible that 
they could modulate hemostasis or initiate an immune response.234,235  The number of 
papers published on quantum dot pharmacokinetics and biodistribution is limited, but 
several common trends have been observed.  It has been consistently reported that 
quantum dots are taken up nonspecifically by the reticuloendothelial system (RES), 
including the liver and spleen, and the lymphatic system.234,236,237  For example, Byron 
Ballou and coworkers reported that (CdSe)ZnS nanocrystals coated with an amphiphilic 
polymer were rapidly removed from the bloodstream into organs of the RES, and 
remained there for at least 4 months with detectable fluorescence.234  Electron 
microscopy revealed that these quantum dots retained their morphology, suggesting 
nanocrystals with robust organic coatings are stable in vivo for very long periods of time 
without degradation into their potentially toxic elemental components.  Further work by 
Warren Chan and coworkers demonstrated that within hours after administration, nearly 
100% of albumin-coated quantum dots were removed from circulation and sequestered 
in the liver, where they were primarily accumulated in Kupffer cells, the resident 
macrophages of the liver.237  These findings are not intrinsic to quantum dots, but are 
likely dependent on the size of the nanoparticles and their surface properties, and recent 
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publications have focused on this insight.  John Frangioni and coworkers demonstrated 
that the renal clearance of quantum dots is closely related to the hydrodynamic diameter 
of the nanoparticle and the renal filtration threshold (~5-6 nm).238  It is also vital for the 
nanoparticle surface to resist protein adsorption, which could significantly increase the 
hydrodynamic size above that of the renal threshold and promote phagocytosis. 
However it is unlikely that even small quantum dots could be entirely eliminated from the 
kidneys, as it has also been found that smaller quantum dots (~9 nm) may directly 
extravasate out of blood vessels, into interstitial fluid.239 
 
2.4.4.2 In Vivo Vascular Imaging.  One of the most immediately successful applications 
of quantum dots in vivo has been their use as contrast agents for the two major 
circulatory systems of mammals, the cardiovascular system and the lymphatic system. 
In 2003, Watt Webb and coworkers demonstrated that green-light emitting quantum dots 
remained fluorescent and detectable in capillaries of adipose tissue and skin of a living 
mouse following intravenous injection.240  This work was aided by the use of near-
infrared two-photon excitation for deeper penetration of excitation light, and by the 
extremely large two-photon cross-sections of semiconductor nanocrystals.159  In other 
work, Bawendi and Frangioni used near-infrared quantum dots to image the coronary 
vasculature of a rat heart,241 and Phil Campbell and coworkers imaged the blood vessels 
of chicken embryos with a variety of near-infrared and visible quantum dots.242 The latter 
report showed that quantum dots were markedly brighter than traditionally used FITC-
dextran conjugates, and resulted in a higher uniformity in image contrast across vessel 
lumena.  Frederick Haselton and coworkers recently demonstrated the potential for 
quantum dots to serve as molecular imaging agents for vascular imaging.243   Spectrally 
distinct nanoparticles were conjugated to three different cell adhesion molecules 
(CAMs), and intravenously injected in a diabetic rat model.  Fluorescence angiography 
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of the retinal vasculature revealed CAM-specific increases in fluorescence, and allowed 
imaging of the inflammation-specific behavior of individual leukocytes, as they freely 
floated in the vessels, rolled along the endothelium, and underwent leukostasis.  The 
unique spectral properties of quantum dots allowed the authors to simultaneously image 
up to four spectrally distinct quantum dot tags.  
 
For imaging of the lymphatic system, the overall size of the probe is an important 
parameter for determining biodistribution and clearance.  For example, Bawendi and 
Frangioni intradermally injected ~16-19 nm near-infrared quantum dots in mice and 
pigs.155   The nanoparticles translocated to sentinel lymph nodes, likely due to a 
combination of passive flow in lymphatic vessels, and active migration of dendritic cells 
that engulfed the nanoparticles.  Fluorescence contrast of these nodes could be 
observed up to 1 cm beneath the skin surface.  However, if these quantum dots were 
formulated to have a smaller overall hydrodynamic size (~9 nm), they could migrate 
further into the lymphatic system, with up to 5 nodes showing fluorescence.239  This 
technique could have great clinical impact due to the quick speed of lymphatic drainage 
and the ease of identification of lymph nodes, enabling surgeons to fluorescently identify 
and excise nodes draining from primary metastatic tumors for the staging of cancer.  
This technique has been used to identify lymph nodes downstream from the lungs,236,244 
esophagus,245 and from subcutaneous tumors.246  Recently the multiplexing capabilities 
of quantum dots have been exploited for mapping lymphatic drainage networks.247  By 
injection of quantum dots of different color at different intradermal locations, these 
nanoparticles could be fluorescently observed to drain to common nodes,248 or up to 5 
different nodes in real time. A current problem is that a major fraction of the 




2.4.4.2 In Vivo Tracking of Quantum Dot Loaded Cells.  Cells can be loaded with 
quantum dots and other tracking agents in vitro, and then administered to an organism, 
providing a means to identify the original cells and their progeny within the organism.  
This was first demonstrated on a small organism scale by microinjecting quantum dots 
into the cytoplasms of single frog embryos.121  As the embryos grew, the cells divided, 
and each cell that descended from the original labeled cell retained a portion of the 
fluorescent cytoplasm, which could be fluorescently imaged in real time under 
continuous illumination.  In reports by both Kenji Yamamoto250 and Sanford Simon,209 
cells loaded with quantum dots were injected intravenously into mice, and their 
distributions in the animals were later determined through tissue dissection, followed by 
fluorescence imaging.  Also Nie and coworkers loaded human cancer cells with quantum 
dots, and injected these cells subcutaneously in an immune-compromised mouse.  The 
cancer cells divided to form a solid tumor, which could be visualized fluorescently 
through the skin of the mouse.123  Amy Rosen and coworkers recently reported that 
human mesenchymal stem cells loaded with quantum dots could be implanted into an 
extracellular matrix patch for use as a regenerative implant for canine hearts with a 
surgically-induced defect.251  Eight weeks following implantation, it was found that the 
nanocrystals remained fluorescent within the cells, and could be used to track the 
locations and fates of these cells.  This group also directly injected quantum dot-labeled 
stem cells into the canine myocardium, and used the fluorescence signals in cardiac 
tissue sections to elaborately reconstruct the locations of these cells in the heart.  With 
reports that cells may be labeled with quantum dots at a high degree of specificity,207,208 
it is foreseeable that multiple types of cells may be simultaneously monitored in living 




2.4.4.3 In Vivo Tumor Imaging.  Imaging of tumors presents a unique challenge not only 
because of the urgent need for sensitive and specific contrast agents of cancer, but also 
because of the unique biological attributes inherent to cancerous tissue.  Blood vessels 
are abnormally formed during tumor-induced angiogenesis, having erratic architectures 
and wide endothelial pores.  These pores are large enough to allow the extravasation of 
large macromolecules up to ~400 nm in size, which accumulate in the tumor 
microenvironment due to a lack of effective lymphatic drainage.253-256  This „enhanced 
permeability and retention‟ effect (EPR effect) has inspired the development of a variety 
of nanotherapeutics and nanoparticulates for the treatment and imaging of cancer.  
Because cancer cells are effectively exposed to the constituents of the bloodstream, 
their surface receptors may also be used as active targets of bioaffinity molecules.  In 
the case of imaging probes, active targeting of cancer antigens (molecular imaging) has 
become an area of tremendous interest to the field of medicine because of the potential 
to detect early stage cancers and their metastases.  Semiconductor nanocrystals hold 
great promise for these applications mainly due to their intense fluorescent signals and 
multiplexing capabilities, which could allow a high degree of sensitivity and selectivity in 
cancer imaging with multiple antigens.   
 
The first steps toward this goal were undertaken in 2002 by Bhatia and coworkers, who 
conjugated quantum dots to peptides with affinity for various tumor cells and their 
vasculatures, and intravenously injected them into tumor-bearing mice.126  Microscopic 
fluorescence imaging of tissue sections from the mice demonstrated that the 
nanoparticles specifically homed to tumor vasculature.  In 2004 Nie and coworkers 
demonstrated that tumor targeting with quantum dots could generate tumor contrast on 
the scale of whole-animal imaging.  These nanocrystals were conjugated to an antibody 
against the prostate-specific membrane antigen (PSMA), and were intravenously 
83 
 
injected into mice bearing subcutaneous human prostate cancers.123 Tumor 
fluorescence was significantly greater for the actively targeted conjugates compared to 
nonconjugated nanocrystal, which also accumulated passively though the EPR effect.  
Using similar methods, Ququan Wang and coworkers were able to actively target and 
image mouse models of human liver cancer using quantum dots conjugated to an 
antibody against alpha-fetoprotein,257 and the group of Xiaoyuan Chen showed that 
labeling quantum dots with RGD peptides significantly increased their uptake in human 
glioblastoma tumors.258  In this later case, further microscopic analysis showed that 
almost all of the tumor contrast was likely due to the presence of large aggregates in 
their samples (150nm and above), which could bind to the tumor neovasculature through 
strong multivalent interactions.259  Recent reports that quantum dots conjugated to 
luciferase enzymes can emit fluorescence without an external source of excitation may 
lead to greatly enhanced molecular sensitivity and depth penetration.260  The mechanism 
behind this technology is a result of bioluminescence resonance energy transfer (BRET) 
(Figure 2.23, bottom right).  The enzyme luciferase catalyzes the bioluminescent 
oxidation of exogenously administered luciferins, and conjugation of the enzyme to 
quantum dots results in nonradiative excitation of the quantum dot through BRET, 
inducing their fluorescence. 
 
The development of clinically relevant nanocrystalline contrast agents for in vivo imaging 
is certain to encounter many roadblocks in the near future (see Section 2.4.5), however 
quantum dots can already be used as powerful imaging agents for the study of the 
complex anatomy and pathophysiology of cancer in animal models.  The group of 
Rakesh Jain demonstrated that quantum dots greatly enhance current intravital 
microscopy techniques for the imaging of tumor microenvironment.261   The authors used 
quantum dots as fluorescent contrast agents for blood vessels using two-photon 
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excitation, and simultaneously captured images of extracellular matrix from 
autofluorescent collagen, and perivascular cell contrast from fluorescent protein 
expression.  The use of quantum dots allowed stark contrast between the tumor 
constituents due to their intense brightness, tunable wavelengths, and reduced 
propensity to extravasate into the tumor, compared to organic dye conjugates.  In this 
work, the authors also used quantum dot-tagged beads with variable sizes to model the 
size-dependent distribution of various nanotherapeutics in tumors. Also in this report, 
primary bone marrow lineage-negative cells, which are thought to be progenitors for 
neovascular endothelium, were labeled ex vivo with quantum dots and imaged in vivo as 
they flowed and adhered to tumor blood vessels following intravenous administration. 
More recently, Hideo Higuchi and coworkers used semiconductor nanocrystals to study 
the biological processes involved in active targeting of nanoparticles. The authors used 
quantum dots labeled with an antibody against human epidermal growth factor receptor 
2 (HER2) to target  human breast cancer in a mouse model.262  Through intravital 
fluorescence microscopy of the tumor following systemic nanoparticle administration, the 
authors could distinctly observe individual nanoparticles as they circulated in the 
bloodstream, extravasated into the tumor, diffused in extracellular matrix, bound to their 
receptors on tumor cells, and then translocated into the perinuclear region of the cells.  
The combination of sensitive quantum dot probes with powerful techniques like intravital 
microscopy and in vivo animal imaging could soon lead to major breakthroughs in the 
current understanding of tumor biology, improve early detection schemes, and guide the 
rational design of nanoparticle therapeutics. 
 
2.4.5 Quantum Dot Toxicity. Great concern has been raised over the use of quantum 
dots in living cells and animals due to their composition of heavy metal ions.  Presently 
the most commonly used quantum dots contain divalent cadmium, a nephrotoxin in its 
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ionic form.  However the toxic nanocrystalline core is epitaxially shielded in a biologically 
inert zinc sulfide shell that is resistant to degradation, and further encapsulated in a 
stable organic polymer.   Although this strong sequestration limit the acute bioavailability 
of cadmium, slow leaching of the toxic elements over time may yield a cytotoxic 
response if the nanocrystals accumulate permanently in cells and organs.  In addition, 
secondary cytotoxic effects may occur, such as the catalytic formation of reactive 
oxygen species or the adsorption of vital cellular proteins and organelles.  In vivo, 
quantum dots larger than the renal filtration threshold accumulate indefinitely in the 
reticuloendothelial system following intravenous administration.  The eventual fate of 
these nanoparticles is of vital importance, but so far has yet to be elucidated.   
 
2.4.5.1 Toxicity Due to Cadmium in Vivo. The only long-term study to date on the 
biodistribution of semiconductor nanocrystals showed that the concentration of cadmium 
in the liver and kidneys gradually increased over the course of 28 days following 
intravenous administration to mice, as determined via elemental analysis.263   
Throughout this time period, 100% of the injected dose was found to remain in the mice, 
40% of which accumulated in the liver, consistent with RES uptake.  However over the 
course of this study, the cadmium in the kidneys increased gradually from 1.5 to 9.2% of 
the total injected dose.  From this study, it was not apparent if the cadmium was in the 
form of a free ion, or remained in the nanocrystalline form, although fluorescence 
microscopy revealed the presence of intact quantum dots in the liver and kidneys.  The 
redistribution of the cadmium over time may signify the degradation of quantum dots in 
vivo, since the natural accumulation site of Cd2+ ions are the liver and kidneys.205,264-266   
In acute exposures, free cadmium may redistribute to the kidneys via hepatic production 
of metallothionein.205  Although the quantum dots used in this study were robustly 
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prepared, with a stable polymer shell, these findings indicate the possibility of quantum 
dot degradation in vivo, which merits further, more detailed mechanistic studies.  
 
2.4.5.2 Cytotoxicity Due to Cadmium in vitro. A majority of studies evaluating the 
cytotoxic effects of quantum dots toward cultured cells have attempted to correlate the 
release of cadmium from the nanocrystal with cytotoxic manifestations.  This is 
reasonable, due to the well documented cytotoxicity of cadmium ions.  It is well 
established that cadmium ions can be released from cadmium chalcogenide 
nanocrystals through oxidative degradation,83,106,267 and these metal ions may bind to 
sulfhydryl groups on intracellular proteins, which may impair their functionality.268  
Several groups have attempted to make this correlation quantitative through fluorometric 
assays for free cadmium and spectroscopic determination of heavy metals.205,269,270  For 
example, Bhatia and coworkers facilitated cadmium release from quantum dots through 
oxidative and photochemical etching, resulting in overt toxicity in primary rat 
hepatocytes.205  In addition it was found that nanocrystal surface modifications that are 
known to attenuate oxidative etching, such as ZnS shell overgrowth or adsorption by 
albumin, were successful in abating this toxic effect, which has since been verified by 
several reports.268,271  Although the current literature on the toxicity of cadmium-
containing nanocrystals is far from conclusive, the development of heavy metal-free 
quantum dots may be useful for advancing this field in the event that metal toxicity is 
insurmountable.78,79  Further studies are reported in Chapter 7. 
 
2.4.5.3 A Critical Analysis of in Vitro Cytotoxicity Data.  A significant number of reports 
have recently explored the cytotoxicity of quantum dots toward cultured cells, but it is 
difficult to draw firm conclusions due to a widespread inconsistency in (a) semiconductor 
nanocrystal compositions, (b) nanoparticle surface coatings and (c) experimental 
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conditions, such as the duration of the nanoparticle exposure, use of comparable or 
even relevant cell lines, media choice (i.e. with or without serum), and even the units of 
concentration (mg/ml versus nM).   Nonetheless, literature data has shown a strong 
association between quantum dot cytotoxicity and the chemical and colloidal stability of 
these nanoparticles, which can be separated into three categories.  (1) Core CdTe 
quantum dots that are synthesized in aqueous solution and stabilized by small thiolate 
ligands (e.g. mercaptoacetic acid).  These quantum dots have been widely used due to 
their ease of synthesis, low cost, and immediate solubility in biological buffers.  However, 
because these nanocrystals are protected by only a weakly bound ligand, they are highly 
susceptible to degradation and aggregation, and their cytotoxicity toward cells in culture 
has been well established.270,272  (2) (Core)shell (CdSe)ZnS quantum dots synthesized in 
nonpolar solvents and transferred to water using thiolate ligands.  CdSe is less prone to 
oxidation than CdTe, and ZnS is even more inert, and therefore these quantum dots are 
much more chemically stable.  With direct comparison to CdTe nanocrystals, these 
particles are significantly less toxic, although high concentrations have been found to 
induce toxic responses from cells.147  Because these quantum dots are coated with a 
ZnS shell, the origin of this cytotoxicity is still unclear, whether it is from degradation of 
the shell, leading to cadmium release, or if it is caused by other effects.  When coated 
with small ligands, these quantum dots have similar surface chemistries compared to 
aqueous CdTe nanocrystals, burdened by significant ligand desorption which will render 
the nanocrystal colloidally unstable.64  This propensity to aggregate may contribute to 
cytotoxicity, even if free cadmium is not released.  Importantly for the comparison 
between (CdSe)ZnS nanocrystals and their cadmium-only counterparts (CdTe or CdSe 
core quantum dots), thiolate ligands bind more strongly to zinc than to cadmium, which 
may contribute to colloidal stability.  (3) (Core)shell (CdSe)ZnS quantum dots 
synthesized in nonpolar solvents and transferred to water via encapsulation in an 
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amphiphilic polymer or cross-linked silica.  These quantum dots are significantly more 
stable colloidally, chemically and optically when compared to their counterparts coated in 
small ligands.228  For this reason, they have been found to be nearly biologically inert in 
both living cells and living animals.123,155,86,206, 80,234,240,268,273  Only when exposed to harsh 
conditions or when directly injected into cells at immensely high concentrations have 
these quantum dots been found to elicit toxic or inflammatory responses.121,271 
 
2.4.5.4 Alternative Cytotoxic Mechanisms in Vitro.  It is feasible that a significant amount 
of toxicological data obtained for quantum dots thus far has been overwhelmingly 
influenced by the colloidal nature of these nanoparticles.  The tendency for nanoparticles 
to aggregate, precipitate on cells in culture, nonspecifically adsorb to biomolecules, and 
catalyze the formation of reactive oxygen species (ROS) may be just as important as 
heavy metal toxicity contributions to toxicity.  For example, Wolfgang Parak and 
coworkers found that (CdSe)ZnS  quantum dots coated with an amphiphilic polymer 
induced the detachment of human breast cancer cells from their cell culture substrate.268  
This effect was found to also occur for biologically inert gold nanoparticles coated with 
the same polymer, thus ruling out the possibility of heavy metal atom poisoning.  
Microscopic examination of the cells revealed that the nanoparticles precipitated on the 
cells, causing physical harm.  Indeed, carbon nanotubes, which are entirely composed of 
elementally harmless carbon, have been found to be capable of impaling cells and 
causing major problems in the lungs of mammals.274  Nonspecific adsorption to 
intracellular proteins may also impair cellular function, especially for small quantum dots 
(3 nm and below), which can invade the cellular nucleus,230,275 bind histones and 
nucleosomes,155 and damage DNA in vitro.276,277  Quantum dots are also known to 
catalyze the formation of ROS,272,278 particularly when exposed to ultraviolet radiation.  
Francoise Winnik and coworkers exposed cultured cells to CdTe nanocrystals and 
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determined that the cytotoxic response could only be explained through the effects of 
ROS generation, as there was no dose-dependent relationship with intracellular Cd2+ 
release, as determined with a cadmium-reactive dye.270  Protection of the surface of a 
quantum dot with a ZnS shell may greatly reduce ROS production.279,280  Despite a 
recent surge of interest in the cytotoxicity of nanoparticles, there is still much to learn 
about the cytological and physiological mediators of nanoparticle toxicology.   
 
2.4.6 Outlook.  The applications of quantum dots in biomedicine span a broad range of 
length scales and address an assortment of clinical and biological sensing needs.  
Despite the many assets of these probes, many challenges must be overcome in order 
to harness their great potential originally outlined by Nie and Alivisatos in 1998.  (1) The 
optical properties of these particles must be engineered with a greater focus on the near-
infrared.  Currently aqueous quantum dots with near-infrared emission have much lower 
quantum yield, photostability, and chemical stability than their visible light counterparts, 
and their emission bands are disproportionately broad, which limits their multiplexing 
capabilities.  These needs are addressed in Chapters 3 and 4.  (2) The colloidal and 
surface properties of these nanoparticles must be optimized in order to maximize their 
stability, minimize nonspecific binding, and minimize their size.  Chapter 5 and 6 
consider these needs.  (3) Current quantum dot probes are prone to nonspecific binding 
and methods for bioconjugation for inducing bioaffinity are poorly developed.  The 
interactions governing these properties must be more thoroughly understood and 
optimized for the production of versatile, successful optical imaging agents, especially 
for reducing RES uptake in vivo and increasing the efficiency of in vivo targeting.  These 
needs are discussed further in Chapters 5 and 7.  (4) A greater fundamental 
understanding must be achieved for the interactions between nanoparticles and 
biological systems, most importantly in terms of their mechanisms of cytotoxicity and 
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interactions with blood components.  The complexity of these interactions will likely 
require many years to be fully revealed, but many new insights are discussed in Chapter 
7.    In the future, the major goal for bio-nanotechnology is to develop complex biological 
probes and agents that can be used to monitor and specifically manipulate biological 
systems, most importantly for medical applications.  The nanocrystal probes designed 
from quantum dot backbones have already reached an impressive level of layered 
complexity, and probes with multimodal imaging and drug delivery capabilities are in 
early development. 229,281-294 Increasing the precision, dimensionality, and multimodality 
of these particles may generate great advances throughout biomedical fields. Although 
the most intuitive biomedical applications of nanotechnology are for cancer detection, 
profiling and treatment, explorations of underutilized applications in cardiovascular 
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Quantum Dot Bandgap Engineering through  




The field of colloidal nanocrystal synthesis has progressed considerably in the past 
decade, yielding precise control over nanocrystal structure and properties.  Liquid 
suspensions of semiconductor, metal, and oxide nanocrystals can now be prepared with 
a wide range of sizes, shapes, and heterostructures.  For colloidal quantum dots, 
fluorescence emission can be tuned over a broad wavelength range, spanning the 
ultraviolet through the infrared, however several major challenges still remain.  First, 
although the precise manipulation of fluorescence emission wavelengths through 
nanocrystal size is well established, many applications exist in which it is desirable to 
implement similarly sized nanocrystals with distinct optical properties.  To this end, 
ternary alloy nanocrystals have been developed (e.g. CdSexTe1-x and CdSxSe1-x), yet 
these particles must be prepared in a kinetically controlled reaction in which it is not yet 
possible to control both size and composition independently.1-3  Second, a variety of 
quantum dots have been prepared that emit light in the near-infrared spectrum (e.g. 
InAs, CdTe/CdSe), for which biological tissue is relatively transparent and only weakly 
autofluorescent,  however these nanocrystal do not have adequate quantum efficiency, 





To address both of these issues, this chapter describes the preparation of highly 
fluorescent CdxHg1-xTe quantum dots, which have independently tunable sizes and 
emission wavelengths, as well as bright near-infrared fluorescence emission.  The 
synthetic methods developed to produce these materials employ spontaneous cation 
exchange of Hg2+ ions with the crystalline lattice of pre-synthesized CdTe nanocrystals.  
Thereby, the nanocrystal size is first selected in the well-developed synthesis of binary 
CdTe quantum dots, and the wavelength of emission is selected by the extent of 
mercury exchange in a subsequent step.  Several methods were developed to study the 
cation exchange mechanism, using quantum dots in polar protic solvents, polar aprotic 
solvents, and nonpolar solvents, resulting in the capacity to tune the thermodynamics of 
exchange in diffusion-limited or reaction-limited regimes.  The process of cation 
exchange has recently become a subject of intense research interest due to the capacity 
to spontaneously generate new nanocrystalline materials from preformed lattices.8-13  
The mechanism of this process is poorly understood, but the methods described herein 
shed light on this process.  In addition these mercury exchange principles are broadly 
applicable and may also be use to tune the bandgaps of CdxHg1-xSe, CdxHg1-xS, and 
ZnxHg1-xSe nanocrystals.  The CdxHg1-xTe nanocrystals can emit light over the range of 
500-1000 nm with 30-90 nm full-width-at-half-maximum (FWHM), and after capping with 
a shell with a graded composition, these nanocrystals are highly photostable with a 
quantum yield of ~80%. 
 
3.1 Synthesis Methods 
3.1.1 Nanocrystal Synthesis. CdTe synthesis was performed in a high temperature 
solvent containing basic coordinating ligands. Cadmium oxide (25.7 mg, 0.2 mmol), 
tetradecylphosphonic acid (122 mg, 0.44 mmol), and dioctyl ether (DOE, 2 mL) were 
added to a three-necked flask and heated to 250°C under argon until complete 
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dissolution of CdO.  After cooling to room temperature, oleylamine (1 g, 3.74 mmol) and 
additional DOE (6.5 mL) were added.  The solution was heated to reflux under vacuum 
(~20 Pa, ~65°C) for 1 hour and then heated to 300°C under argon flow.  A second 
solution, containing tellurium (12.76 mg, 0.1 mmol), trioctylphosphine (TOP, 2 mL), and 
DOE (3 mL), previously dissolved at ~280°C and then cooled to room temperature, was 
injected into the cadmium precursor solution, and the growth temperature was set to 
265°C.  Using this method, highly monodisperse nanocrystals were grown between 2.0 
and 3.5 nm diameter after reaction times between 20 seconds and 10 minutes.  To grow 
larger nanocrystals, additional cadmium and tellurium precursors were sequentially 
injected dropwise into the reaction solution, starting at 4 minutes after the first injection.  
The 0.02 M tellurium solution used for the first injection was also used for subsequent 
injections, and a 0.02 M cadmium oleate solution in DOE was used as a cadmium 
precursor.  After reaching the desired size, the reaction mixture was cooled to room 
temperature, diluted with 85 mL hexane, and centrifuged to remove most of the excess 
cadmium precursor.  The nanocrystals were isolated using at least six hexane-methanol 
extractions.  On the final extraction, the nanocrystals were condensed to ~ 1 mL through 
the addition of methanol.  These nanocrystals were then diluted to ~20 mL with 
chloroform, bubbled with argon for 30 minutes and stored at 4°C in the dark.  Quantum 
dot size was determined from the published correlation with the first exciton peak 
wavelength,14 and verified via TEM.   The CdSe, CdS, and ZnSe nanocrystals were 
prepared and purified using similar protocols, adapted from previous reports.15-19 
 
3.1.2 Phase Transfer Methods. To transfer purified nonpolar CdTe quantum dots to 
water or dimethyl sulfoxide (DMSO) using thioglycerol, a solution of quantum dots in 
chloroform (~20 μM) was mixed with an excess of thioglycerol (~0.2 M).  The mixture 
immediately became opaque, and the solution was repeatedly sonicated and vortexed 
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for ~15 minutes.  The nanocrystals were isolated via centrifugation, washed with 
acetone, and then dried under vacuum.  After resuspension in a solution of 1 mM 
thioglycerol in deionized water (pH 11), the nanocrystals were sonicated, centrifuged at 
7000g for 15 minutes to remove aggregates, and finally passed through a 0.2 μm filter.  
Quantum dots prepared through this method were brightly fluorescent and stable for 
months.  For phase transfer to DMSO, the nanocrystals were resuspended in DMSO 
containing 1 mM thioglycerol, rather than an aqueous solution. 
 
For phase transfer from aqueous solution to nonpolar solution, an extraction procedure 
from water to 1-octanethiol was implemented.  On a small scale, 1 mL of aqueous 
quantum dots was mixed with 3 mL methanol, and 1 mL of 1-octanethiol was added.  
This solution was repeatedly vortexed and sonicated for ~5 minutes.  Chloroform (1 mL) 
was then added to separate the emulsion, drawing the quantum dots to the bottom 
nonpolar phase.  This phase was isolated via centrifugation and 50 mg of TOP was 
added in order to further stabilize the nanocrystals, which were purified through 
extractions between decane-methanol phases.  Precipitation of these labile nanocrystals 
should be avoided in order to minimize aggregation.  This optimized protocol resulted in 
highly monodisperse nanocrystals with optical properties that were essentially 
unchanged from those in water.  Deviations from this optimization can lead to significant 
etching of the labile HgTe shell.  A similar method was used to transfer quantum dots 
from DMSO to nonpolar solution, which did not require the use of a methanol emulsifier 
because of the relatively low surface tension between DMSO and octanethiol.  Briefly, a 
DMSO solution of quantum dots was mixed 1:1 by volume with octanethiol, and then 
vortexed and sonicated for 5 minutes.  The octanethiol phase was isolated by 
centrifugation and the quantum dots were precipitated with the addition of a 20-fold 
excess of a 2:1 mixture of methanol:acetone containing a small amount of 
118 
 
trioctylphosphine to maintain colloidal stability.  The nanocrystals were then 
resuspended in chloroform. 
 
3.1.3 Mercury Exchange. In aqueous solution, nanocrystals were diluted to ~20 μM 
with basic thioglycerol buffer, and a freshly prepared solution of mercury perchlorate (1 
mM) in deionized water was added.  The nanocrystals were immediately vortexed, and 
allowed to equilibrate for 1 month before analysis.  In DMSO, a similar protocol was 
used, except the mercury precursor was prepared by dissolving mercury acetate in a 
solution of thioglycerol in DMSO.  The thioglycerol:mercury ratio was 3:1, and 
thioglycerol was diluted in DMSO prior to introduction of mercury in order to prevent 
reduction to metallic mercury.  In nonpolar solution, a 1:1:2 mixture of oleic acid, 
oleylamine, and hexane was prepared and allowed to cool to room temperature after 
exothermic mixing.  A solution of 20 μM quantum dots was then diluted 1:1 with this 
ligand solution, and a mercury acetate solution in octylamine was added.  The solution 
was immediately mixed and monitored via UV-Vis absorption spectroscopy until the 
desired absorption was observed. At this point, the excess mercury was extracted in a 
mixture of 1:2:3 decane:hexane:methanol.  The nanocrystals were extracted 4 times, 
and each time a small amount of the ligand mixture was added in order to maintain 
colloidal stability.  Notably, these nanocrystals were labile toward strong ligands such as 
thiols. 
 
3.1.4 Elemental Analysis.  Prior to elemental analysis of alloyed nanocrystals, quantum 
dots in aqueous solution were first isolated and purified using a centrifugal filtration 
device (Millipore, 5 kDa molecular weight cutoff).  The concentration of metals in the 
eluant was tested to verify the dissociation of cadmium ions from quantum dots that 
underwent cation exchange.  The nanocrystals were etched and dissolved in aqueous 
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solution with the addition of a small amount of nitric acid.  For hydrophobic quantum dots 
in nonpolar solutions, the particles were isolated with the addition of an excess of 
acetone.  After resuspension in chloroform, a small amount of oleylamine was added to 
maintain colloidal stability (~0.01 mg/mL).   The quantum dots were similarly precipitated 
two more times to ensure complete removal of unbound metals, which were almost 
entirely found in the first supernatant.  Following the final precipitation, the pellet was 
washed with acetone and methanol, redispersed in a small amount of chloroform and 
transferred to a glass vial.  The chloroform was removed under vacuum, and the 
quantum dot film was dissolved in aqua regia at 80°C for ~ 4 hours.  The solution was 
then diluted in deionized water and analyzed for cadmium, mercury, tellurium, and 
selenium using inductively coupled plasma mass spectrometry (ICP-MS, VG 
PlasmaQuad 3). 
 
3.1.5 Shell Growth.  The methods and calculations used for shell growth are described 
in depth in Chapter 4.  Briefly, purified CdxHg1-xTe nanocrystals prepared through cation 
exchange in DMSO were diluted in oleylamine in an inert atmosphere, and heated to 
130C.  A single monolayer of CdTe was grown on the surface using organometallic 
reagents, and the temperature was increased to 170C.  A single monolayer of CdSe 
was then grown on the quantum dots, and the temperature was increased to 220C, at 
which point 3 monolayers of CdS were deposited.  The nanocrystals were annealed at 
this temperature for 2 hours, and then cooled to room temperature and isolated via 






3.2 Synthesis Strategy 
The process of mercury cation exchange was originally described by Horst Weller and 
coworkers for the production of CdxHg1-xS quantum dot alloys from CdS nanocrystals.
20-
23  This same group later extended these techniques to prepare brightly fluorescent 
CdxHg1-xTe quantum dots through the mechanism illustrated in Figure 3.1.
24,25  CdTe 
nanocrystals (~2-2.5 nm diameter) were synthesized from the reaction between 
cadmium perchlorate and sodium hydrogen telluride in basic water in the presence of 
thioglycerol.  After purification, the thioglycerol stabilized quantum dots were mixed with 
mercury perchlorate, inducing partial exchange of the Cd2+ ions on the surface of the 
nanocrystals for Hg2+ ions, resulting in CdTe cores with HgTe shells.  The spontaneity of 
this reaction was hypothesized to be due to the much higher solubility of Cd2+ ions in 
aqueous solution compared to Hg2+ ions, and due to the nearly identical bond lengths of 
these materials (see section 3.6 for discussion).  HgTe has a much smaller bandgap 
than CdTe, resulting in a red-shift of the absorption band and the emission wavelength 
with mercury exchange (Figure 3.2).  This structure cannot be accurately described as a 
quantum dot, as the charge carriers necessarily reside primarily in the shell region, 
where the electronic energy levels are the smallest.  However, the nanocrystal is also 
too small to be described as a quantum well, as the charge carriers are not entirely 
confined in the shell.  That is, the small size of the entire nanocrystal permits a large 
degree of quantum tunneling from the shell into the core center, and there is no 
tangential confinement of the charge carriers in the shell because the circumference is 
much smaller than the Bohr exciton diameter of HgTe (91 nm).  Because of this 
intermediate quantum confinement regime, these nanocrystals have been dubbed 





Figure 3.1: Synthesis scheme for CdxHg1-xTe quantum dot-quantum wells, as 
originally described by Weller and coworkers.24  See text for details. 
 
 
Figure 3.2: Red-shift of CdTe emission with mercury cation exchange of aqueous 
nanocrystals.  The absorption band edges (left) and fluorescence emission (right) shift 
with increasing mercury content, indicated as the percentage mercury added compared 
to cadmium present.  This figure is reproduced from the work of Weller and coworkers.24 
 
 
From Figure 3.2 it is apparent that the nanocrystals prepared from this method have 
broad emission bands and indistinct absorption features.  Clearly, the mercury exchange 
method is successful in yielding a strong red-shift in emission and bright near-infrared 
fluorescence, however the spectral properties are far from ideal.  To improve this 
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method, the work described in this chapter is predicated on the idea that these poor 
spectral features are solely the result of the poor crystallinity of these nanocrystals.  That 
is, this original report implemented aqueous nanocrystals that were prepared at room 
temperature.  Such low temperature techniques do not result in a high degree of 
crystallinity compared to higher temperature methods, in which kinetic reaction 
constraints can be overcome to yield low energy crystals with few defects.  Thereby, if 
these poor-quality quantum dots can be replaced with high quality quantum dots 
prepared at high temperature, the optical properties should be drastically improved, thus 
expanding the utility of the nanocrystals for biological labeling applications.  In addition, it 
is virtually impossible to prepare nanocrystals larger than ~3.0 nm with a high degree of 
monodispersity using this original aqueous method.  Utilization of a high temperature 
synthesis with precise size control will also alleviate this limitation. 
 
Figure 3.3 depicts the new scheme used for the cation exchange of mercury with high 
quality CdTe nanocrystals, as well as the post-synthetic processes implemented to yield 
brightly fluorescent quantum dots for biological labeling.  CdTe nanocrystals are first 
prepared in a high boiling point coordinating solvent, and grown to a desired size (2-10 
nm diameter).  The highly crystalline quantum dots are coated with a monolayer of 
alkylamine ligands (e.g. hexadecylamine), and are only soluble in nonpolar solvents.  In 
order to perform mercury exchange using the traditional protocol, the hydrophobic 
ligands are first replaced with thioglycerol, and the nanocrystals are suspended in water.  
Mercury exchange is then performed, and the nanocrystals are then transferred back to 
the nonpolar solvent.  It is also possible to perform this mercury exchange process 
directly in nonpolar solvents.  These telluride nanocrystals are inherently labile toward 
oxidation, so after alloying, a shell of wide bandgap material (CdSe and CdS) is grown 
on the core at high temperature in order to protect the optical properties.  It should be 
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noted that the generation of a highly crystalline, coherently epitaxial shell can only be 
reproducibly performed in nonpolar coordinating solvents at high temperature.  
Therefore this step would not be possible with the traditional aqueous approaches.  After 
this final step, these quantum dots may be transferred to water using a variety of 
methods, such as the amphiphilic polymer approach depicted in the figure. 
 
 
Figure 3.3: Schematic depiction of the multiphase synthesis procedure for 
monodisperse, brightly fluorescent CdxHg1-xTe nanocrystals.  The mercury 
exchange process is performed on crystalline, size-controlled CdTe nanocrystals 
produced in nonpolar solvents, and the quantum dot-quantum wells are capped at high 
temperature before phase transfer to water for use in bioimaging. 
 
 
3.3 Optical Properties of CdxHg1-xTe Nanocrystals 
CdTe nanocrystals produced at high temperature were highly crystalline compared to 
their aqueous low temperature synthesis counterparts.  Figure 3.4 depicts a high-
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resolution transmission electron micrograph (HRTEM) of ~3.8 nm nanocrystals, showing 
a high degree of monodispersity, as well as crystalline planes that extend throughout a 
majority of the particles.  Such evidence of crystallinity is never apparent from aqueous 
preparations of CdTe nanocrystal.  The X-ray diffraction spectra of these nanocrystals 
corroborate this assertion of high crystallinity (see Chapter 4), which is also verified by 
the high quantum yield (40-80%).  Using the synthetic scheme in Figure 3.3, these 
nanocrystals were transferred to water using thioglycerol, and mercury exchange was 
performed using the same methods developed by Weller and coworkers.  The resulting 
optical properties were vastly improved, showing discrete band-edge fluorescence 
emission with narrow peaks (compare Figure 3.2 and Figure 3.5A).   In addition, the 
absorption spectral features are maintained with the addition of various amounts of 
mercury.  These nanocrystals can be initially prepared with a wide range of 
homogeneous sizes (Figure 3.5A-C), allowing the study of CdxHg1-xTe alloy optical 
properties with respect to both size and composition, with high spectral resolution of 
electronic transitions.  The quantum mechanical properties of HgTe nanocrystals and 
their alloys are of particular interest to physicists because of the extremely large exciton 
Bohr radius of this material, which allows the preparation of nanocrystals in the strong 
confinement regime (both holes and electrons confined) without necessitating the use of 





Figure 3.4: HRTEM of ~3.8 nm CdTe nanocrystals prepared at high temperature in 






Figure 3.5: Mercury cation exchange of CdTe nanocrystals, showing absorption 
(left) and fluorescence spectra (right).  The core sizes are 2.1 nm (A), 3.8 nm (B), and 
4.8 nm (C), and mercury exchange was performed in aqueous solution. 
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It is important to note that after mercury cation exchange, the 2.1 nm CdxHg1-xTe 
nanocrystals can have a wavelength of emission as long as ~930 nm with the 
multiphase approach (Figure 3.5A), whereas similar CdTe nanocrystals prepared in the 
aqueous procedure can emit at wavelengths longer than 1050 nm (Figure 3.2).  The 
addition of more mercury could not further shift this emission wavelength, suggesting 
that either all of the cadmium was depleted from the quantum dot, or that the remaining 
cadmium was inert toward exchange.  Elemental analysis revealed that ~36% of the 
cadmium still remained in the quantum dot.  Therefore it is likely that this material 
remained in the interior of the structure, sequestered away from the surface of the 
nanocrystal where exchange can occur.  The CdTe nanocrystals prepared in aqueous 
solution may allow a greater extent of exchange due to their lower crystallinity, as the 
presence of multiple crystalline domains within individual nanocrystals can increase the 
surface energy of the particles. 
 
To further study the efficiency of cation exchange, 2.1 nm and 3.8 nm CdTe 
nanocrystals were mixed with different ratios of mercury, purified, and analyzed via 
elemental analysis and TEM.  TEM revealed that the nanocrystals were essentially 
identical in size, before and after mercury exchange (Figure 3.6).  It was further revealed 
that cation exchange occurred efficiently and stoichiometrically at low mercury 
concentrations, which leveled off at high concentrations, reaching a maximum exchange 
efficiency of 62% for the 2.1 nm nanocrystals and 57% for the 3.8 nm nanocrystals 
(Figure 3.7).  These values correspond to an exchange depth of ~1.3 monolayer into the 
2.1 nm nanocrystals and ~1.4 monolayers for the 3.8 nm nanocrystals.  This suggests 
that the mercury can displace cadmium ions from the crystal beyond the first monolayer 
of the crystalline facets, penetrating into the core.  However, this process is limited, as 
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further equilibration and even heating did not significantly increase the mercury 
incorporation beyond these values. 
 
 
Figure 3.6: TEMs of 3.8 nm nanocrystals composed of CdTe (A) or Cd0.39Hg0.61Te 
(B).  The same quantum dots were used in Chapter 4 for further experiments, and panel 
A is reproduced in Figure 4.11. 
 
Figure 3.7: Efficiency of mercury cation exchange for two sizes of CdTe 
nanocrystals in aqueous solution.  ICP-MS elemental analysis of the 2.1 nm and 3.8 





The dependence of the optical properties of these nanocrystals on the ternary alloy 
composition is depicted in Figure 3.8.   The optical absorption bandgap decreased 
linearly with increasing mercury content for both the 2.1 nm and 3.8 nm nanocrystals, 
suggesting a behavior similar to a quantum dot, rather than a quantum well structure.  
However the Stokes shift increased significantly with increasing mercury content, a 
phenomenon that has never before been reported.  The Stokes shift is known to depend 
on the nanocrystal size and shape (see Chapter 2).  As both of these nanocrystals were 
quasi-spherical and did not change in size with composition, the composition is likely to 
be the cause of this shift.  As a general rule, within the quantum confinement regime the 
Stokes shift increases with decreasing quantum dot size.  Because the Bohr exciton 
diameter of CdTe (13 nm) is significantly smaller than that of HgTe (91 nm), the degree 
of confinement increases as the composition shifts toward HgTe, causing the Stokes 
shift to increase.  As well, a change in dimensionality of quantum confinement may also 
play a role in the Stokes shift, as the quantum dot-quantum well behaves more like a 
quantum well as the core size increases.  As stated previously, there is an upper limit to 
the cation exchange efficiency that cannot be surmounted for each nanocrystal size.  
However, the linear trend of the optical bandgap with composition can be used to 
extrapolate to pure HgTe quantum dots.  Surprisingly, the linear trends of both the 2.1 
nm nanocrystals and the 3.8 nm nanocrystals extrapolate to an optical absorption of 
1040 nm, despite the difference in nanocrystal size.  This unexpected finding suggests 
that the dimensionality of confinement does play an important role in these nanocrystals, 
as the 3.8 nm quantum dots have a weaker relationship with composition than their 2.1 
nm counterparts.  Clearly, the properties of these mixed-dimensionality structures can 





Figure 3.8: Dependence of the absorption band edge and fluorescence maxima of 
CdxHg1-xTe quantum dot-quantum wells.   Absorption data are fitted to linear trends, 




Despite high quantum dot crystallinity and monodispersity, the fluorescence emission 
bands of the CdxHg1-xTe quantum dots widened substantially with increasing mercury 
content (Figures 3.5).  This broadening was partially a result of plotting the data in terms 
of wavelength rather than energy.  Replotting the data as transitions in energy 
diminished this broadening effect (Figure 3.9), but a substantial broadening is still 
present with alloying.  This broadening has both homogeneous and inhomogeneous 
contributions.  First, the process of alloying is an inherently inhomogeneous process due 
to the non-zero polydispersity of the nanocrystal samples and the variety of surface 
facets and atoms present on each nanocrystal within the ensemble.  Thereby, smaller 
nanocrystals within the ensemble have higher surface energy, which will kinetically favor 
cation exchange over larger nanocrystals in the ensemble, broadening the distribution of 
alloy compositions.  Second, the optical transitions of HgTe are known to be inherently 
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wider than those of CdTe in bulk materials, suggesting an inevitable homogeneous 
broadening effect with increasing HgTe composition.27,28  These effects are 
demonstrated in Figure 3.10, showing 3 different sizes of CdxHg1-xTe alloy quantum dots 
with 3 different alloy compositions, all with the same emission wavelength.  Increasing 
the composition of mercury and decreasing the nanocrystal size results in much broader 
optical transitions, which are also reflected in the absorption spectra.  Comparisons like 
this would not be possible if it were not for the new synthetic scheme developed herein. 
 
 
Figure 3.9: Fluorescence emission spectra of 3.8 nm CdxHg1-xTe nanocrystals, 













3.4 Solvent Impact on Mercury Cation Exchange 
A multiphase procedure was developed and optimized for mercury exchange of CdTe 
nanocrystals in polar and nonpolar solvents (Figure 3.3).  Thioglycerol-coated CdTe 
nanocrystals were strongly susceptible to mercury exchange using conventional 
protocols in aqueous solution.  These nanocrystals could also be suspended in polar 
aprotic solvents such as DMSO or DMF for mercury cation exchange.  However the 
exchange was found to be dramatically slower in these solvents, and less 
homogeneous, as indicated by wider optical peaks.  This is likely due to the high 
viscosity of these solvents, which decreases the efficiency of mixing and solute 
equilibration.  To extend this concept to nonpolar solvents, quantum dots were coated 
with alkanethiols (octanethiol) to simulate the aqueous conditions, and mixed with a 
solution of mercury acetate in octylamine.  Surprisingly, mercury exchange was entirely 
inhibited under these conditions, resulting in a maximum red-shift of ~5 nm, compared to 
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the ~400 nm shifts observed in aqueous solution.  This effect was even found to occur 
when the solvent was highly inviscid (chloroform or hexane), thus implicating a chemical 
reactivity induced inhibition of cation exchange.  In the absence of thiols, mercury 
exchange was entirely uncontrollable, as mercury instantly reacted with the 
nanocrystals, resulting in heterogeneous alloying marked by broad optical transitions.   
 
A wide variety of nonpolar coordinating ligands were tested in order to control the activity 
of the mercury ions and the reactivity of the nanocrystal surfaces.  It was found that a 1:1 
mixture of oleic acid:oleylamine resulted in highly homogeneous nanocrystal alloying.  
However, the mechanism by which exchange occurred was found to be different than 
the mechanism in aqueous solution.  In aqueous solutions containing thiolate ligands, 
the incorporation of mercury occurred homogeneously in a dose-dependent fashion.  
However in nonpolar solvents with weaker ligands, adding small amounts of mercury 
resulted in inhomogeneous cation exchange, and optical spectra showed a complete 
loss of optical transitions (Figure 3.11).  This process was unrecoverable, as the addition 
of more mercury could not improve the inhomogeneous optical spectra.  On the other 
hand, the initial addition of a large excess of mercury (more than the amount of cadmium 
in the nanocrystal) resulted in highly homogeneous exchange that proceeded quickly 
until the maximum amount of exchange was achieved.  These observations suggest that 
the rate of exchange is controlled through the rate of diffusion in nonpolar solvents, and 
through the chemical reaction rate in aqueous solution.  That is, thioglycerol strongly 
binds to both Hg2+ ions in solution and to Cd2+ atoms on the nanocrystal surface, and 
therefore the rate limiting step for exchange is the reaction rate between the strongly 
bound mercury ion and the nanocrystal surface.  However in nonpolar solution 
containing weaker ligands like amines and carboxyls, the reaction rate between the 
mercury ions and the surface of the nanocrystal is so high that a small amount of 
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mercury reacts almost instantaneously upon introduction, causing inhomogeneous 
alloying due to a reaction rate that is far greater than the diffusion rate.  Such a 
kinetically controlled exchange process is undesirable from a production perspective, 
and therefore attempts were made to terminate mercury exchange at specific time-points 
after the addition of excess Hg2+.  It was found that quick extraction of the excess 
mercury precursor could effectively terminate cation exchange by separation of the 
precursor to a separate phase (e.g. methanol), and the partially exchanged nanocrystals 
could be purified to yield stable colloids at room temperature.  However, these 
nanocrystals were labile toward strongly binding ligands, such as thiols and phosphonic 
acids, resulting in an etching of the mercury, indicated by a blue-shift of the optical 





Figure 3.11: Optical spectra of homogeneous and inhomogeneous mercury cation 
exchange in nonpolar solvents.  3.8 nm CdTe cores were mixed with mercury in 
quantities much smaller than the amount of cadmium (20%) or equal to the total amount 
of cadmium (100%).  The cation exchange process is homogeneous only in the 




3.5 Mercury Exchange with Other II-VI Materials 
In order to determine if the mercury exchange methods developed herein are widely 
applicable to other materials, ~3.8 nm CdTe, CdSe, CdS, and ZnSe were prepared in 
coordinating solvents at high temperature, and then subjected to mercury cation 
exchange in the oleic acid-oleylamine ligand mixture that was optimized for CdTe.  The 
optical spectra of all of these materials demonstrate red-shifts in both fluorescence and 
absorption (Figure 3.12), which is in accord with an alloying process with mercury, which 
would reduce the bandgap of all of these materials.  With the exception of ZnxHg1-xSe, 
the mercury alloys were brightly fluorescent and displayed discrete electronic transitions 
in their absorption spectra.  Elemental analysis revealed that exchange was less efficient 
for these materials, reaching a maximum of ~30% conversion for CdxHg1-xSe.  This 
corresponds to one half of a monolayer, meaning that the mercury may only have 
exchanged with specific facets of these nanocrystals, or it may only exchange with the 
first atomic layer of atoms, which corresponds to one half of a monolayer for polar 










Figure 3.12: Spectra of CdxHg1-xSe, CdxHg1-xS, and CdxZn1-xSe nanocrystals 




3.6 Cation Exchange Mechanism 
The mechanism of aqueous mercury cation exchange originally postulated by Weller 
and coworkers for the spontaneous formation of CdxHg1-xS and CdxHg1-xTe alloys from 
pure binary cadmium chalcogenide nanocrystals was related to the solubility of the 
individual binary compounds in water.21,24  That is, 
  
 CdTe s 
         
   Cd2+ aq  + Te2- aq         𝑘𝑠𝑝 = 10
−41.5 Equation 3.1 
 
 
 HgTe s 
         
   Hg2+ aq  + Te2- aq         𝑘𝑠𝑝 = 10
−69.6 Equation 3.2 
 
 
Clearly, both CdTe and HgTe are nearly insoluble in water, however the solubility of 
CdTe is roughly 1028 times greater than that of HgTe.  In addition, CdTe and HgTe have 
nearly identical lattice constants, allowing unstrained exchange of cations.  However, the 
results of this thesis show that these hypotheses are incomplete.  These exchange 
reactions do not take place in pure aqueous solution, as strongly binding thiol ligands 
are crucial components of these mixtures for the stabilization of the metal ions and the 
colloidal stability of the nanocrystals.  Thereby the stability of the ligand-metal complexes 
must also be a factor, as thiols bind much more strongly to mercury ions than to 
cadmium cations.29-33   
 
 
 Cd2+ aq  + 2MAA2- aq 
         
   Cd(MAA)2(aq)        𝑘 = 10
15.63 Equation 3.3 
 
 
 Hg2+ aq  + 2MAA2- aq 
         
   Hg(MAA)2(aq)        𝑘 = 10




where MAA2- is fully deprotonated mercaptoacetic acid (-S-CH2-COO
-).  The use of this 
ligand is relevant, as we have found that MAA and thioglycerol can be used 
interchangeably in these reactions in aqueous solution.  In addition, these reactions 
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were all performed in basic solution above the pKa of the MAA thiol (pH ~11).  However 
we have also tested these reactions at higher acidity, and they proceed similarly at all 
pH levels down to ~5, at which point the nanocrystals are no longer colloidally stable due 
to protonation of the thiol ligand.  This is in accord with similar relative affinities between 
divalent cadmium and mercury for the different protonated species of the MAA ligands.  
The higher affinity of the thiol ligands for mercury ions compared to cadmium ions is 
experimentally verified with the addition of a very minute amount of mercury perchlorate 
to a solution of CdTe quantum dots in the absence of excess thiol ligands, which entirely 
precipitates the nanocrystals from solution.  The nanocrystals may be resuspended with 
the addition of a small amount of extra ligand.   
 
Equations 3.3 and 3.4 demonstrate that thiolate ligands have a much higher affinity for 
mercury than for cadmium, and the balanced equation reads 
   
 
CdTe s  + Hg(MAA)2(aq)
         




This equation suggests that cation exchange is favorable only for the introduction of 
CdTe into HgTe.  However this mechanism is incomplete, as thiolate ligands also bind to 
the mercury ions on the surface facets of the nanocrystal.  Ligand binding energies on 
nanocrystal facets have not yet been elucidated for these materials and ligands, but it 
has been estimated that the cadmium-thiolate bond on a CdSe nanocrystal surface is 
roughly 1/2 the strength of the bond between divalent cadmium and mercaptoacetic 
acid.34  Thereby making the assumption that both of these binding strengths decrease by 





 [CdTe]-Cd1+ s  + MAA2-(aq)
         
   [CdTe]-Cd(MAA)1- s         𝑘 = 105.7 Equation 3.6 
 
 [HgTe]-Hg1+ s  + MAA2-(aq)
         
   [HgTe]-Hg(MAA)1- s         𝑘 = 1022.2 Equation 3.7 
 
Therefore, binding of thiolate ligands to HgTe nanocrystals is much more energetically 




     
 [HgTe]-Hg(MAA)1- s +Cd(MAA)2(aq),  𝑘 = 8.5 × 10
15 
 Equation 3.8 
 
 
Therefore, it is the relatively affinity of the thiol ligands for the metal ion and nanocrystal 
surface, as well as the solubility of the free metal ions, that drives cation exchange.  This 
theory predicts that such a mechanism may be modulated merely through the relative 
binding strengths of the ligands. 
 
Strong evidence for the ligand-impact on cation exchange comes from the different core 
materials.  Out of CdTe, CdSe, CdS, and ZnSe, only CdTe was found to be capable of 
exchanging with mercury in aqueous solution in the presence of thiolate ligands.  The 
relative solubilities of the cadmium chalcogenides and mercury chalcogenides are 
similar, independent of the chalcogen composition, but the solubility of ZnSe is ~1039 
greater than HgSe, which would be expected to favor cation exchange even more.  
However, thiolate ligands bind much more strongly to the surfaces of CdSe, CdS, and 
ZnSe quantum dots than they do to CdTe due to smaller bond lengths within the crystal, 
which prevents the displacement of cadmium atoms by mercury atoms.   
 
Simple differences in solubility are therefore insufficient to thoroughly explain the cation 
exchange mechanism.  The delicate balance of thermodynamic forces controlling ion 
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exchange can be largely influenced by the relative ligand binding strengths between the 
different exchange ions.  Thereby one may exchange the ions of a crystal with a material 
that actually is thermodynamically less stable. That is, HgTe has a weaker bond strength 
than CdTe (-0.81 eV compared to -1.10 eV).  Therefore the energy of a HgTe crystal is 
higher, and thus CdTe is a more thermodynamically stable material.  However, it is 
possible to ‘pull’ the cadmium ions out of the lattice with a ligand that binds selectively to 
one ion or the other.  That is, the total energy of a mercury ion bound to the nanocrystal 
surface and to a thiolate ligand is actually less than the energy of a cadmium ion due to 
the weak solubility of the mercury ion and its strong binding strength toward thiolates. 
 
The observation that the relative ligand binding strength is the dominant factor for 
mercury exchange is also revealed in nonpolar solutions, for which the solubilities of 
both divalent cadmium and mercury are essentially zero, with very little energetic drive 
induced by solubility product disparities.  Compared to thiolate ligands, fully protonated 
thiol ligands bind more weakly to mercury ions and cadmium ions, as well as to the 
surfaces of II-VI nanocrystals. However, performing mercury exchange on CdTe in a 
solvent of hexane containing protonated thiols results in negligible exchange over the 
course of several weeks.  This suggests that the binding strength of the ligand is not 
sufficient to overcome the thermodynamic stability of CdTe compared to HgTe without a 
driving force of solubility disparity.  However, the use of amine ligands did favor the 
mercury cation exchange process.  Amine ligands bind more strongly to cadmium ions 
than to mercury ions due to the hard base nature of the small amine ligand and softer 
acidity of the more polarizable mercury ions.  This is the opposite of the binding trend of 
thiols and thiolate ligands, which are soft bases, favoring reactions with mercury over 
cadmium.  This causes an energetic favorability of cadmium ion dissociation from the 




The results herein show that it is possible to manipulate the direction of cation exchange 
by both solubility of the materials and ligand nature.  Solubility effects are only relevant 
in aqueous solution, in which the solvent may strongly interact with the ions to generate 
a strong disparity in relative hydration.  In noninteracting solvents, the effects of ligand 
nature dominate, allowing the possibility of replacing ions of a stable crystal structure 
with a less stable crystal structure merely through the relatively binding strengths of the 
ligands.  Alivisatos and coworkers have recently shown that similar factors control silver 
ion exchange with CdSe nanocrystals, and cation exchange can be driven in either 
direction through an appropriate choice of ligand and an appropriate cation 
concentration.8 
 
3.7 Graded Shell Growth 
CdTe nanocrystals are labile toward oxidation due to the high oxidation state of tellurides 
(see discussion in Chapter 7.4).  In addition, the fluorescence quantum efficiencies of 
CdxHg1-xTe alloys with very low mercury content are extremely low (<2 %), likely due to a 
surface defect behavior of small deposits of HgTe on the nanocrystal surface, which can 
trap the electron and hole in spatially segregated regions on the nanocrystal surface.  
Thereby, in order for these nanocrystals to be useful as near-infrared fluorescence 
probes for biological detection, it will be necessary to grow a wider bandgap shell on the 
cores.  The methodology of (core)shell heterostructure growth on colloids is the subject 
of Chapter 4, but the results of this process are discussed here. 
 
CdxHg1-xTe nanocrystals were capped with a graded CdTe/CdSe/CdSe shell in a solvent 
of oleylamine at a temperature that was slightly less than the Ostwald ripening 
temperature.  This temperature was found to be similar to that of CdTe, which is around 
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150C for 3.8 nm nanocrystals.  Interestingly, between room temperature and this high 
temperature, there were no changes in the optical spectra of these alloy nanocrystals, 
suggesting an absence of atomic diffusion in the quantum dot-quantum well structures, 
unlike that which was observed for (CdSe)ZnSe quantum dots.35  For shell growth, a 
monolayer of CdTe was first grown epitaxially on the surface to serve as a buffer layer to 
prevent mercury from leaching out of the quantum dot at higher temperatures used for 
growth of thicker shells. Without this layer, a large blue-shift was observed with capping, 
indicative of mercury depletion.  After this thin shell of CdTe was grown, a second shell 
of CdSe was grown on this layer in order to reduce the lattice mismatch between the 
core and shell materials, and in order to increase the thermal stability of the nanocrystal 
so that it could be capped at higher temperatures (220C) necessary for the deposition 
of sulfides such as CdS.  At this elevated temperature, a highly homogeneous shell of 3 
monolayers of CdS was grown on these nanostructures.  The relative band alignments 
of the bulk materials are depicted in Figure 3.13 in order to show the graded bandgap 
from the core to the shell material.  This grading allows a smooth transition in lattice 






Figure 3.13: Bulk band offsets of HgTe, CdTe, CdSe, and CdS.  The valence bands 
and conduction bands are shaded, and the lattice constants for zinc blende materials are 
provided beneath each material.  The bands of HgTe are inverted, such that valence 
band edge is higher in energy than the conduction band edge, depicted as darker 
shading.  
 
Figure 3.14 shows HRTEMs of capped quantum dots prepared from 3.8 nm 
Cd0.39Hg0.61Te cores.  Panels A and B depict (CdxHg1-xTe)CdTe/CdS quantum dots 
grown without a buffer layer, which appear to be much broader in size distribution 
compared to the (CdxHg1-xTe)CdTe/CdSe/CdS quantum dots with a buffer layer (panels 
C and D).  However, measurements of these particles show that both nanocrystal 
samples had nearly the exact same size distribution (~14.5% relative standard 
deviation), which is essentially the same as that of the cores.  The difference in 
morphologies of these particles is a result of the dimensionality of shell growth.   With 
the CdSe buffer layer, the shells grew spherically, likely due to the improved capacity of 
the highly strained CdS shell to grow on CdSe compared to the highly lattice 
mismatched CdTe material.    The average size of these nanocrystals was 9.21  1.35 
nm in diameter.  Without the buffer layer, the nanocrystals preferentially grew in the 
144 
 
[111] zinc blende lattice direction (panels A and B) with an aspect ratio of ~1.5 (10.35  
1.51 nm length, 6.92  1.00 nm width).  These growth modes are discussed further in 
Chapter 4.  Figure 3.15 depicts the fluorescence emission spectra of these multishell 
nanocrystals during shell growth, showing a very small red-shift in fluorescence induced 
by epitaxy (64 meV), a phenomenon consistent with a type-I band alignment (Chapter 
4).  Shell growth tremendously stabilized the near-infrared light emission from these 
nanocrystals, yielding exceptionally high quantum yields of ~80%, high photostability 






Figure 3.14: HRTEM images of (CdxHg1-xTe)CdTe/CdS (A, B) and (CdxHg1-xTe) 
CdTe/CdSe/CdS nanocrystals (C, D), showing uniform spherical growth when an 
interim CdSe shell was used for improved lattice matching between the core and shell 
materials.  A large fraction of the quantum dots without the CdSe layer were oriented 
with their zinc blende (110) planes parallel to the TEM grid (B), suggesting preferential 
growth in the [111] direction.  Most quantum dots with a CdSe layer showed preferential 
orientation with their (111) planes parallel to the TEM grid, suggesting growth axially 
outward from the [111] direction.  Incorporation of all 5 elements into these structures 





Figure 3.15: Fluorescence emission spectra of (CdxHg1-xTe)CdTe/CdSe/CdS 





In summary, it has been shown that CdxHg1-xTe nanocrystals and other mercury alloys 
are efficient near-infrared fluorophores with excellent spectral properties.  The 
development of novel processing mechanisms for cation exchange in nonpolar solution 
has allowed the preparation of highly uniform nanocrystals with homogeneous alloy 
compositions, tunable sizes, high optical purity and superior quantum yield compared to 
those previously prepared in aqueous solution.  The fluorescence bands may be tuned 
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though the near-infrared with high quantum yield and relatively narrow bands, and the 
nanocrystal size may be tuned independently from the bandgap.  In addition, the results 
herein provide great insight into the thermodynamics and ligand control of the cation 
exchange process, which is becoming a widely used technique for preparing novel types 
of nanomaterials.  For experiments requiring highly photostable near-infrared probes, the 
shell growth experiments performed herein have generated highly stable, bright 
fluorophores with a quantum yield of 80%.  Development of CdxHg1-xSe and CdxHg1-xS 
materials should improve these results even further and lead to new classes of stable, 
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Heterostructures containing domains of different material compositions have played a 
major role in technological advances in the past century.   Improvements have been 
made in optoelectronics, microelectronics, and many electrical devices due to a better 
understanding of heterojunctions like quantum well superlattices, Shottkey barriers, and 
p-n junctions.  However further progress has been limited by the general inflexibility of 
bandgap engineering and the detrimental impact of lattice strain on the quality of 
crystalline interfaces.  These problems may be resolved in the near future with the use of 
nano-heterostructures, which have unprecedented bandgap control and a unique 
relationship with strain.  Structures such as quantum confined semiconductor nanowires 
and nanobelts with conducting leads are the likely predecessors for the nano-
architectures of future devices and electronics.  Compared to these solid-state structures 
prepared through bulk epitaxy, colloidally prepared nanostructures have generated 
entirely new classes of complex heterojunctions between chemically dissimilar domains, 
with finely tuned bandgaps and high crystallinity.  Colloidal systems also have the 
advantage of diffusive compatibility with biological systems for applications like 
nanoscopic manipulation of diseased tissue and in situ monitoring of biological events. 
 
Lattice strain is a structural parameter that has been exploited in microelectronic devices 
with great success, but its role in colloidal nanocrystals is still poorly understood.  This 
chapter describes the development of highly strained colloidal nanocrystals which are 
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lattice-mismatched heterostructures grown by epitaxial deposition of a compressive shell 
(ZnS, ZnSe, ZnTe, CdS, or CdSe) onto a soft and small nanocrystalline core (CdTe). 
This combination of a “squeezed” core and a “stretched” shell causes dramatic changes 
in both the conduction and valence band energies.  As a result, strain can be used as a 
parameter for bandgap engineering in colloidal nanocrystals by modulating the spatial 
overlap between electrons and holes.  Rationally designed (core)shell structures with 
specific compositions and domain sizes can result in a segregation of the electrons and 
holes in separate domains, yielding extended excited state lifetimes and giant spectral 
shifting.  This attribute is most apparent in (CdTe)ZnSe nanocrystals, which exhibit 
narrow light emission with high quantum yield across a broad range of visible and near-
infrared wavelengths (500 nm to 1050 nm).   
 
4.1 Lattice Strain in Nanocrystals 
The impact of strain on materials is fundamentally important to a broad range of fields, 
from optoelectronics to biomechanics.  Recent studies have explored the complex 
relationship between nanomaterials and strain, demonstrating that nanostructures with 
novel properties can be generated through lattice strain,1,2 and that nanomaterials 
respond differently to strain compared to their bulk counterparts.3-5  As discussed in 
previous chapters, semiconductor quantum dots are typically prepared as (core)shell 
nanocrystals with interfacial strain.  The fluorescence efficiency of these materials is 
believed to be detrimentally affected by the lattice mismatch between the core and shell 
materials,6-9 but other effects of epitaxial strain have been largely unexplored.   
 
4.1.1 Strain and Relaxation.  Strained epitaxy is the coherent growth of a material on a 
substrate with a different bond length.  Thermodynamically this process is unfavorable 
on a bulk substrate due to the contraction or expansion of the bond length that must 
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occur in the epitaxial layer (epilayer).  This change in bond length reduces the bond 
strength in the epilayer, and if it is grown above a critical thickness, this energy will 
become large enough to induce a crystalline defect in the epilayer.  Some crystalline 
defects, such as misfit dislocations (Figure 4.1), allow the epilayer to relax its 
conformation to its lowest energy bond length.  Considerable effort has been made to 
theoretical predict and experimental determine the critical thickness for strained layers.  
In general, it is crucial to minimize the formation of defects, which can form 




Figure 4.1: Epitaxial crystal growth on bulk substrates and on nanocrystal 
substrates.  (A) Exaggerated crystal domains of CdTe and ZnSe have a large mismatch 
in lattice constant.  (B) Epitaxial growth of ZnSe on a bulk CdTe substrate necessitates a 
warping of the ZnSe crystal structure, resulting in tensile strain parallel to the interface 
and compressive strain in the perpendicular direction.  The formation of misfit 
dislocations relaxes this structure to alleviate strain in the epilayer.  (C) Epitaxial growth 
of ZnSe on a CdTe nanocrystal deforms the core substrate, allowing sharing of the total 
strain.  The core will be compressed by epitaxial growth and the shell will be stretched.  
The interfacial strain is shared over a relatively larger surface area, resulting in a higher 
tolerance to strain before defect formation. 
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Compared to bulk epitaxy, strain is expected to manifest itself uniquely in colloids 
because the epitaxial layer and its substrate can strain each other in a coupled 
interactive manner.  This “double straining” effect changes the properties of both the 
epitaxial layer and the substrate.  The experimental data and theoretical calculations 
herein reveal that a very high level of strain can be tolerated in small nanocrystals, 
compared to what is achievable in bulk materials.  Small nanocrystals (<5 nm) have a 
high surface area-to-volume ratio and highly curved surfaces, allowing the stress from a 
lattice-mismatched epitaxial shell to be distributed over a large fraction of the constituent 
atoms.  For larger nanocrystals and bulk substrates, the total number of atoms is larger, 
and the epitaxial stress is imposed on a surface that contains a smaller fraction of the 
constituent atoms, favoring the formation of strain-relaxing crystalline defects rather than 
homogenous strain (Figure 4.1).   
 
4.1.2 Strain Effects on Optical and Electronic Properties of Semiconductors.  In 
crystalline solids, a stress-induced change in the lattice parameter will alter the intrinsic 
inter-atomic distance, which modifies the energy levels of bonding electrons (Figure 4.2).  
In a crystalline semiconductor, this deformation significantly changes its electronic and 
optical properties such as the absorption and emission band edges.10-12  The strain-
induced change in bandgap is represented by the deformation potential, 𝑎, defined as  
  𝑎 =
∂Eg,o
∂( lnV)
 Equation 4.1 
where Eg,o is the bandgap of the unstrained semiconductor and ∂(lnV) is the fractional 
volume change.   For zinc blende II-VI and III-V semiconductors, the electronic energy 
gap increases with applied compressive force, and decreases under tensile strain, an 
effect that has been experimentally observed and theoretically predicted.10,13  This can 
be rationalized in terms of the bonding contributions to the valence and conduction band 
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energies (section 2.1.7).  The valence band contains bonding electrons, and the 
unstrained bond length is a result of minimization of the average energy of these 
electrons.  Therefore compressing the lattice or inducing tensile stretching results in an 
increase in energy of the valence band edge.  The conduction band, however, is 
composed of antibonding electronic energy levels, which will be stabilized through 
expansion of the lattice and destabilized with lattice contraction.  Thereby, the 
conduction band edge energy increases with compression and decreases with 
expansion.  Importantly, the conduction band shifts to a greater extent than the valence 
band due to a lower density of electronic states.  Together, these effects yield a negative 
deformation potential (𝑎 <0).   
 
Figure 4.2: Dependence of the bandgap on strain for bulk CdSe.  The top plot shows 
the dependence of the CdSe band structure on bond length, with the valence and 
conduction bands shaded, and the equilibrium bond length indicated as a dotted line (ƖO 
= 2.62 Å).  This curve is a magnified section of Figure 2.2, calculated using Lennard-
Jones parameters.  Compression of the crystal decreases the bond length, which 
increases the energy of the valence band and the conduction band, increasing the 
155 
 
bandgap energy.  Tension increases the energy of the valence band but decreases the 
energy of the conduction bad, reducing the bandgap.  The bottom curves graphically 
display this bandgap-bond length relationship, showing calculations from the Lennard-
Jones parameters (blue line) and the linear deformation potential theory (black curve 𝑎 = 
-2.9 eV).  Dotted lines show the unstrained bond length and the unstrained bandgap 
energy (1.76 eV).  The deformation potential is generally only valid for small changes in 
the bond length (<~5%), due to the unavoidable phase transitions that occur with 
compression.   Bulk wurtzite CdSe transforms to the rock salt phase at a pressure of ~3 
GPa (depicted as TBulk).  This transition pressure increases as the dimensions of the 
crystal decrease on the nanometer scale (section 2.2.4), and CdSe quantum dots can 
have a transition pressure as high as 4.9 GPa for 2 nm nanocrystals (T2 nm).
14,15   The 
rock salt phase of CdSe has an indirect bandgap, and the deformation potential is no 




The effect of strain-induced bandgap modulation has been under intense study in 
optoelectronics, as materials strain is inherent in the epitaxial growth of lattice-
mismatched heterostructures, leading to the development of lasers and light emitting 
diodes consisting of semiconductor films that are strained by their growth substrates.16,17  
By straining thin layers within the quantum confinement regime, the interplay between 
quantum confinement and lattice strain can yield a high level of control in bandgap 
engineering. This control may be broadened by replacing the quantum wells with zero-
dimensional quantum dots, which are more strongly confined, and may be 
spontaneously deposited on a  lattice-mismatched substrate in the Stranski-Krastanov 
growth mode.16  These self-assembled quantum dots can be prepared with reproducible 
sizes and uniform patterns.  However, their fabrication costs are high, and these 
quantum dots are island-like, rarely forming zero-dimensional spherical morphologies.  
In contrast, colloidal syntheses of quantum dots have demonstrated an exquisite degree 
of control over both size and shape, with excellent monodispersity, high quantum yields 
(approaching unity), and much lower costs.  Because of these advantages, recent work 





4.2 Colloidal Synthesis Methods for Strained (Core)Shell Nanocrystals 
The synthesis of colloidal (core)shell semiconductor nanocrystals is based on the high 
temperature coordinating solvent methods described in Chapters 2 and 3.  Different 
sizes of CdSe and CdTe cores (1.8 – 8 nm) were prepared using techniques described 
in Chapter 3, and then coated with a shell according to modifications of literature 
methods outlined herein.6,7,20,21   
 
4.2.1 Purification of Core Nanocrystals. Core nanocrystals prepared in a coordinating 
solvent were diluted ~1:5 in hexane and centrifuged to remove insoluble cadmium 
precursors.  For purification, precipitations were avoided in order to prevent colloidal 
destabilization of CdTe nanocrystals.   Instead, cores were isolated from excess 
surfactants and unreacted precursors through multiple rounds (at least 7) of hexane-
methanol extractions.  On the final extraction, the nanocrystals were concentrated to 50-
300 μM with the addition of excess methanol.  These hexane solutions of nanocrystals 
were diluted to ~30 μM, centrifuged to remove potential aggregates, bubbled with argon 
to remove oxygen and water, and stored at ~4C for at least 2 days.  During this time a 
small amount of white precipitate typically formed, which was likely unreacted cadmium 
oleate or a cadmium phosphonates, and was removed via centrifugation prior to shell 
growth.  Elemental analysis of core nanocrystals prepared using the methods in Chapter 
3 and purified by this method showed a nearly 1:1 ratio of Cd:chalcogen for nanocrystals 
larger than 3 nm, and a ~1.2:1 ratio for nanocrystals as small as 1.8 nm.  After 
purification, the fluorescence quantum yield was generally 40-80% for CdSe and CdTe 
nanocrystals smaller than 6 nm.     
 
4.2.2 Shell Growth. Hexane solutions of purified quantum dots were diluted in 
oleylamine to roughly half of the concentration of their original reaction solution, typically 
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in 10 mL reaction volumes.  The reaction vessel was then attached to a Schlenk line and 
degassed at room temperature to remove hexane.  The solution was then refluxed under 
vacuum (~20 Pa) at ~100°C for an additional 40-60 minutes to ensure complete removal 
of oxygen, water, hexane, and other low boiling point impurities.  The solution was then 
purged three times with argon, and the temperature was increased to the initial capping 
temperature (TML1).  This temperature was empirically optimized to be as high as 
possible, to maximize the reactivity of the shell precursors, but low enough to inhibit the 
competing process of Ostwald ripening.  The onset of Ostwald ripening was determined 
by heating the nanocrystals in oleylamine to 100°C for 10 minutes, measuring the 
absorption and emission spectra of the quantum dots to look for possible signs of 
ripening, and then ramping the temperature in 10°C increments and repeating this 
process.  Note that the temperatures used for CdTe are significantly lower than those 
typically used for shell growth on CdSe cores, mainly due to the greater ripening 
propensity of CdTe compared to CdSe.  A summary of the important experimental 
parameters for (CdTe)ZnSe nanocrystals is provided in Table 4.1.   
 
Table 4.1: Experimental Parameters for Synthesis of (CdTe)ZnSe Nanocrystals. 
CdTe size [QD] TOW TML1 TML2 TML3-4 TML5-6 TML7-9 
1.8 nm 28 μM 150ºC 140ºC 190ºC 225ºC 250ºC n.a. 
3.8 nm 6.0 μM 170ºC 150ºC 225ºC 225ºC 250ºC 260ºC 
5.2 nm 4.0 μM 210ºC 190ºC 225ºC 225ºC 250ºC n.a. 
6.2 nm 3.0 μM 230ºC 225ºC 225ºC 225ºC 250ºC n.a. 
 
Notes: [QD] is the quantum dot concentration used for shell growth; TOW  is the 
temperature for onset of Ostwald ripening of the CdTe cores; and TML# is the growth 
temperature used for various shell monolayers.  Growth of shells thicker than 6 ML was 




A variety of alternative shell precursors were tested for this work.  Carboxylate salts of 
cadmium and zinc required a much higher reaction temperature compared to their 
organometallic counterparts.  With fatty acid salts of zinc and cadmium, the smallest 
CdTe cores could not be capped without suffering from significant Ostwald ripening at 
the high temperatures required for efficient shell deposition.  However larger cores (>4 
nm) could be efficiently capped with these precursors.  Several chalcogenide precursors 
were also tested, including commonly used organosilicon compounds (e.g. 
hexamethyldisilathiane) and elemental chalcogens in the absence of phosphines.  These 
reagents were generally too reactive to prevent homogeneous nucleation of shell 
materials.  Phosphine-chalcogenides, however, were found to yield an excellent balance 
of resistance to nucleation and a high reactivity toward epitaxial growth.   
 
A modified version of the successive ion layer adsorption and reaction (SILAR) 
procedure was used to deposit epitaxial shells, described herein for (CdTe)ZnSe 
structures.21  At the initial capping temperature (TML1), a solution of cation precursor (0.1 
M diethylzinc or dimethylcadmium dissolved in TOP) containing the amount required to 
constitute a 0.25 ML shell was slowly injected.  After 10 minutes, which was 
experimentally determined to be a sufficient period of time to prevent homogenous 
nucleation of the shell material, the anion precursor (0.1 M sulfur, selenium, or tellurium, 
dissolved in TOP) was injected.  After this second injection, shell growth was allowed to 
proceed for a period of time dependent on the initial growth temperature and the shell 
composition.  For example, for the growth of ZnSe on CdTe, the following reaction times 
were used: 4 hours for 150ºC, 2 hour for 170ºC, and 30 minutes for 210-225ºC.  For 
other shell materials, however, it was found that the shell growth rate was strongly 
dependent on the reactivity of the precursors.  Both diethylzinc and dimethylcadmium 
were highly reactive at all of the temperatures used in this work, as these reactions were 
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limited by the deposition rate of the chalcogen.  Generally, tellurium and selenium 
reacted efficiently at low temperatures (e.g. 2 hours reaction time at 170°C), but initial 
growth of CdS and ZnS required extended times, up to 8 hours before completion on 1.8 
nm cores at 140ºC.  After the first two injections at TML1, a second pair of injections was 
performed to grow 1 ML of total shell on the cores, using the same reaction time for the 
first 0.5 ML.   
 
Once this thin layer of shell material was deposited on the nanocrystals, indicated by 
spectral red-shifting, the temperature threshold of these nanocrystals toward ripening 
was significantly enhanced.  This is due to a combination of the increase in overall size 
of the nanocrystals, the greater bond strength and thermal stability of the shell materials 
used in this study (CdS, CdSe, ZnSe, ZnS, ZnTe) compared to the cores (CdTe), as well 
as the greater strength of bonding of the amine and phosphine ligands to the shell 
material, compared to CdTe.  Thereby, after the deposition of just 1 monolayer, the 
temperature of the reaction could be increased drastically without optical signs of 
ripening.  In this manner, the growth temperature was increased to a point at which the 
reaction was much more efficient, and shorter reaction times could be used to complete 
shell growth. The deposition of ZnSe on CdTe was optimized for all of the sizes tested, 
however the deposition of the other shell materials (ZnS, ZnTe, CdS, CdSe) was only 
optimized for 3.8 nm quantum dot cores, although the extrapolation of this technique to 
other core sizes should like be straightforward by employing the methodology described 
herein.  For this procedure, 0.25 monolayer increments were used so that the surface 
stoichiometry of anions and cations would be similar for each 0.5 ML shell growth cycle.  
When performed with 0.5 ML increments, like the SILAR procedure originally described 
by Peng and coworkers, there was a significant decrease in quantum yield after each 
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anion injection, thus obscuring the relative changes in fluorescence emission efficiency, 
which is in accord with previous findings.21,22  
 
4.2.3 Shell Thickness Calculations. To calculate the amount of shell precursors 
required to constitute a precise number of monolayers, an approach was employed that 
is similar to epitaxial overgrowth of thin films on bulk substrates.  Specifically, with the 
deposition of a thin epilayer on a nanocrystal core, it is assumed that the material 
deposits layer-by-layer as a coherent, epitaxial structure.  Thereby, the core serves as a 
„substrate‟ to which the shell material must conform in order to undergo heteroepitaxial 
growth.  This rationale is strongly supported by the data provided herein, showing that 
the overgrowth of a thin shell (1-2 ML) of lattice-mismatched material (e.g. ZnSe) only 
marginally alters the crystalline lattice of the core material. Instead, the shell material 
adopts the lattice constant of the core material during initial growth, and extensive 
deformation of the core only occurs once a shell of substantial thickness is deposited.  
Therefore, the calculation of the epilayer material quantity can be considered from the 
perspective of homoepitaxial growth of CdTe on a CdTe substrate, using the bulk 
density of CdTe and a judiciously chosen monolayer thickness.  In this way, the molar 
quantity of precursors added to grow a specific number of shell monolayers should be 
the same for all types of materials grown as epitaxial shells, theoretically differing only in 
the event of defect formation, and the concomitant relaxation of the heterostructure.  
From this perspective of heteroepitaxy, it is evident that one cannot accurately predict 
the size of a (core)shell nanocrystal with a predetermined number of monolayers of shell 
growth unless the strain within both the core and the shell materials are taken into 
consideration.  Initially, the shell material will adopt the lattice constants of the core 
material, and thus appear larger than expected, if one presumes that the shell material 
will adopt its bulk lattice constants.  This effect will eventually wane as the compressive 
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shell reaches a thickness large enough to compress the core.  It should be noted that 
the „ideal‟ calculation method for the deposition of a shell would to be to determine the 
exact number of unpassivated orbitals on the surface atoms on the quantum dot, and to 
add this specific number of elemental precursors to constitute 1.0 monolayer of shell (or 
0.5 monolayers if the surface facets are polar), and then repeat the process for the next 
monolayer.  However, exact determination of these values is not yet feasible, although 
theoretically calculated values strongly correlate with the approach used herein.   
 
The volume of shell material comprising m monolayers can be calculated as:  
 Vshell = 
4
3
π  rc + m × dML 
3 - rc
3  Equation 4.2 
where Vshell is the volume of shell material per quantum dot, rc is the radius of the 
quantum dot core (assuming a spherical geometry), and dML is the thickness of one 
monolayer of shell.  Here we use dML = 0.324 nm, the (200) interplanar spacing for zinc 
blende CdTe.  This value was selected based on the preferential growth of the shells 
outward from the [111] axis.  Note that the choice of other interplanar distances, such as 
the (220) separation distance, could also be justified, although the application of the 
SILAR growth mechanism is theoretically incompatible with nonpolar facets.  The 




 Equation 4.3 
where nshell is the number of moles of each precursor required to deposit m monolayers 
of shell material, Dcore is the density of the core material (DCdTe = 5.85 g cm
-3), NA is 
Avogadro‟s number, nQD is the number of moles of quantum dots in solution, and MWcore 
is the molecular weight of the core material.  The molar quantities of precursors added 
for different shell thicknesses on a 3.8 nm core are summarized in Table 4.2 in Section 
4.4.1.    
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4.3 Optical Properties of Strained (Core)Shell Quantum Dots 
The optical properties of (core)shell semiconductor nanocrystals are currently a subject 
of intense study from both theoretical and experimental perspectives.  Overgrowth of a 
coherent epitaxial shell of a material on a quantum dot core of different composition 
leads to an expansion of the lattice domain size, a red-shift in optical spectra, and a non-
linear modulation of fluorescence quantum yield with shell growth.  The nature of this 
behavior is currently poorly understood, and is the subject of this section. 
 
4.3.1. Type-I and Type-II Quantum Dots.  The original justification for heteroepitaxial 
shell growth on semiconductor quantum dots was for electronic insulation,6,23-26 serving a 
similar purpose as cladding layers on waveguides and barrier layers in quantum well 
structures.   Using this logic, it was reasoned that if a wider bandgap material is grown 
on a core quantum dot, like (CdSe)ZnS heterostructures, the resulting electronic 
insulation would protect the charge carriers from quenching defects on the nanocrystal 
surface.  This concept was successfully demonstrated by several groups, resulting in 
hugely enhanced fluorescence from quantum dots, even reaching near-unity quantum 
yield at room temperature.6,8,24,27,28  In such a quantum dot, both the electron and hole 
are confined to the core, yet small red-shifts (~5-10 nm) in the absorption and 
fluorescence band edges are observed with shell growth.  This was explained through 
the finite potential well of the shell material, which allows a small degree of charge 
carrier tunneling into the shell, effectively increasing the size of the exciton and reducing 
the quantum confinement.   
 
In 2003 Bawendi and coworkers demonstrated that the electron and hole could be 
segregated in either the core or shell regions, depending on the band alignments of the 
core and shell materials, such as for (CdTe)CdSe quantum dots.29  The staggered band 
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offsets of these structures only insulated one of the charge carriers in the core, 
sequestering the other charge carrier in the shell material.  Thereby, the confinement 
dimensionality of such a structure is mixed, as one of the charge carriers is confined to 
the core in zero dimensions (a quantum dot), and the other is confined to the shell as a 
two-dimensional structure (a quantum well).  These materials can have longer 
wavelengths of emission than either of the constituent materials of the heterostructure by 
allowing the bandgap to close at the interface (Figure 4.3). In comparison with type-I 
materials that confine both charge carriers to the core, these type-II quantum dots 
demonstrate large spectral shifting with shell growth, a loss of discrete band-edge 
electronic transitions, and an increase in excited state lifetime due to a decrease in the 
overlap integral between the electron and hole wavefunctions.  It is also interesting to 
note that several groups have studied „quasi-type-II‟ structures, in which one of the 
charge carriers is strongly confined to one region of the structure and the other one is 
significantly delocalized over the entire heterostructure.  These materials have optical 





Figure 4.3: Optical properties of type-I and type-II (core)shell quantum dots.  
Absorption spectra (blue) and fluorescence spectra (red) are shown for cores (dotted 
lines) and (core)shell structures (solid lines), along with energy band diagrams (right).  In 
type-I quantum dots such as (CdSe)ZnS (top), the core material valence band is higher 
in energy than the shell and the conduction band energy is lower in energy, confining 
both of the charge carriers to the core.  Thereby, shell overgrowth only marginally 
changes the bandgap, and the absorption and fluorescence spectra are similar to those 
of the core, but with an enhanced stability and fluorescence efficiency.  In type-II 
quantum dots such as (CdTe)CdSe (bottom), the energy bands are staggered such that 
the charge carriers are spatially segregated, allowing only indirect band-edge transitions.  
Shell overgrowth decreases the bandgap, allowing electronic transitions at lower energy, 
thus red-shifting the absorption and fluorescence spectra.  Discrete transitions are 




4.3.2 Optical Mechanisms in Strain-Tunable (CdTe)ZnSe Quantum Dots.  As 
illustrated in Figure 4.4, lattice strain can induce significant bandgap energy changes 
when a shell material is coherently grown on a small and compressible nanocrystalline 
core.  In the bulk state, heterostructures of CdTe and ZnSe have valence and 
conduction bands that are aligned to localize both the electrons and holes in CdTe (type-
I behavior).   On the nanometer scale, however, epitaxial growth of a ZnSe shell strongly 
compresses a CdTe nanocrystal because the lattice parameter of ZnSe (5.668 Å) is 
considerably smaller than that of CdTe (6.482 Å).  Because the deformation potential of 
these semiconductors is negative and the conduction band shifts to a much larger 
degree than the valence band,30 compression of CdTe (𝑎CdTe = -3.70 eV) induced by 
shell growth increases the energy of the conduction band.  At the same time, the shell 
material (𝑎ZnSe = -4.99 eV) is under tensile strain, resulting in a decrease of its 
conduction band energy.  These two strain effects work in a concerted fashion (double 
straining) to alter the energy band offsets, converting standard type-I quantum dots into 
type-II heterostructures, resulting in a spatial separation of the electrons and holes.  As 
the shell grows in thickness, the core conduction band energy rises due to increased 
compressive strain from the shell, while the shell‟s conduction band energy decreases 




Figure 4.4:  Mechanism of strain-tuning of the optical properties of (CdTe)ZnSe 
heterostructures. (A) As a bulk heterostructure, the interface between CdTe and ZnSe 
yields a type-I band alignment, with the conduction band energy minimum and valence 
band energy maximum both located in the CdTe domain.  The bulk bandgap is 1.50 eV 
for CdTe and 2.82 eV for ZnSe. (B) The charge carriers in a small CdTe quantum dot 
(3.5 nm) are quantum-confined, thus increasing the bandgap energy (~2.0 eV).  With 
overgrowth of a thin shell of ZnSe (1 monolayer, ML), the core is slightly compressed 
due to the smaller lattice parameter of ZnSe (5.668 Å) compared to CdTe (6.482 Å), 
increasing the energy of the CdTe conduction band.  The shell material is under large 
tensile strain due to coherent growth on the CdTe substrate, resulting in a significant 
reduction of the conduction band in the shell.  Because of these simultaneous shifts of 
the core and shell, there is only a very small difference in energy between the 
conduction bands of the core and shell, causing the electron wavefunctions to spread 
across the entire nanocrystal.  Quantum confinement and strain have a smaller impact 
on the valence bands, and the hole remains in the core, leading to a quasi-type-II 
structure, in which the hole is strongly confined, but the electron is delocalized over the 
entire quantum dot.  Overgrowth of a larger shell (5 ML) further increases the core 
conduction band energy and decreases the conduction band energy in the shell.  Thus 
the band offsets become staggered, shifting the electron almost entirely into the shell 
material, resulting in a type-II alignment. (C) With a larger CdTe core (7 nm), the 
quantum confinement effect is reduced, decreasing the bandgap (~1.7 eV).  Overgrowth 
of a thin shell of ZnSe strongly strains the shell, with little effect on the core due to the 
large core domain size compared to the shell.  The electron is weakly delocalized over 
the entire nanocrystal, again yielding a quasi-type-II band structure.  However, growth of 
a larger shell (5 ML) exceeds the critical thickness, and can only be accommodated by 
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the formation of defects that relax the strain between the two materials.  Therefore the 




4.3.3 Absorption and Fluorescence in Highly Strained (CdTe)ZnSe. With increasing 
epitaxial shell growth of ZnSe on CdTe, the optical absorption and fluorescence 
emission spectra are dramatically shifted toward longer wavelengths (lower energies) 
(Figure 4.5), beyond the band-edge energy of bulk CdTe (1.50 eV) and ZnSe (2.82 eV).  
Several lines of evidence suggest that this red shift is due to a transformation to type-II 
band alignment:  (i) a gradual reduction of distinct optical absorption features; (ii) a 
decrease in the band-edge oscillator strength, and (iii) a significant increase in excited 
state lifetimes (Figure 4.6).  These changes are caused by spatial separation of holes 
into the core and electrons into the shell, resulting in a decrease in the electron-hole 




Figure 4.5:  Optical spectra of strain-tunable (CdTe)ZnSe nanocrystals. Absorption 
(left) and fluorescence emission (right) spectra of (core)shell nanocrystals with (A) 1.8 
nm CdTe cores and (B) 6.2 nm cores, capped with different thicknesses of ZnSe.  The 






Figure 4.6: Time-resolved fluorescence decay curves of 3.8 nm CdTe cores 
capped with ZnSe shells of different thicknesses.  The excited state lifetimes were 
calculated to be 18.4 (core), 35.5 (1.5 ML), 59.8 (3.0 ML), and 115.0 ns (6.0 ML). 
 
 
The largest spectral shifts are observed with very small cores, such as 1.8 nm CdTe, 
allowing tuning from the green to the near-infrared spectra. In contrast, larger CdTe 
cores cannot be effectively compressed through epitaxy, and their emission spectra are 
much less tunable by lattice strain.  The strain-tunable spectral ranges are shown in 
Figure 4.7 for different sized CdTe cores.  It is remarkable that quantum dots with small 
cores can be tuned to emit beyond the spectral ranges of large dots, at both the blue 
and red sides of the emission spectra.   This novel phenomenon has not been observed 
for other types of quantum dots and cannot be explained by conventional factors (see 
section 4.6).  Depending on the core size and shell thickness, these quantum dots can 
be tuned to emit between 500 nm and 1050 nm with a quantum efficiency between 25-
60%.  The fluorescence peak width is consistently between 40 and 90 nm (full-width-at-







Figure 4.7: Strain-tunable spectral ranges for different CdTe core sizes. Ranges 
were measured by the fluorescence emission peaks with 0-5 monolayers of shell growth.   
 
 
An interesting finding is that the strain-induced spectral changes are gradual and do not 
exhibit an abrupt transformation as might be expected for a switch from type-I to type-II.  
For core sizes less than 4 nm diameter, data indicate that the transition to type-II 
behavior is “complete” after capping with 2-3 monolayers (ML) of shell material, as 
defined by the complete disappearance of the first exciton absorption peak.  Between 0 
and 2-3 ML, however, the behavior of these nanocrystals is „quasi-type-II,‟ with the hole 
confined to the core and the electron only weakly confined, being largely delocalized 
across the entire nanocrystal.31   
 
4.3.4 Multilayered Structures. To further understand the separation of electrons and 
holes in these strained nanostructures, systematic capping experiments were performed 
in which interim shell layers provide specific energy barriers to either the hole or the 
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electron (Figure 4.8).  Capping CdTe with a CdSe shell is known to generate type-II 
quantum dots with the electron located in the shell, due to the lower conduction band 
energy level of CdSe compared to CdTe.  In contrast, capping CdTe with a ZnTe shell or 
an interim layer of ZnTe provides a large barrier to electron diffusion out of the 
nanocrystal core, but little impediment to hole diffusion out of the core.  As expected, 
capping CdTe with CdSe yields a type-II quantum dot with a substantial decrease of the 
band gap, whereas ZnTe capping only slightly changes the band gap.  By using one 
monolayer of these materials as a barrier to hole or electron diffusion, overgrowth of 
ZnSe leads to a type-II structure only when grown with the CdSe interim layer.  Very little 
red-shift is observed for quantum dots with an interim layer of ZnTe, confirming that 
electron diffusion into the shell is essential for the strain-induced type-II structure to 
function.  Hole confinement to the core is also supported by the high quantum efficiency 
of these (core)shell quantum dot, as surface hole traps are more detrimental to the 







Figure 4.8:  Comparison of emission wavelengths and quantum yields for different 
(core)shell  and multilayered structures. (A) Emission wavelengths of 3.8 nm CdTe 
cores capped with CdSe (purple), ZnSe (red), or ZnTe (green), or one monolayer of 
CdSe followed by ZnSe (CdSe/ZnSe; black), or one monolayer of ZnTe followed by 
ZnSe (ZnTe/ZnSe; blue).  (B) Quantum yields of 3.8 nm CdTe cores capped with ZnSe 
(red), or CdSe (purple), or 3.8 nm CdSe cores capped with ZnS (brown).  (C) Diagrams 
of bulk band offsets for (core)shell materials in (A).  (D) Diagrams of band structures of 
quantum confined, strained nanocrystals calculated using model-solid theory and a 
continuum elasticity model for the impact of strain (see Section 4.5).  The bandgaps 
have been shifted down in energy relative to the bulk values for clarity. 
 
 
4.3.5 Quantum Efficiency and Strain. It is remarkable that the highly strained 
(CdTe)ZnSe heterostructures (14.4% lattice mismatch) are able to maintain excellent 
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photoluminescence properties.  We attribute the high quantum yield to the high 
crystallinity of the initial CdTe cores (quantum yield up to 80%), and the homogeneity of 
shell growth at high temperatures (shell growth was incomplete and nonuniform below 
200°C).  Also, the lattice compressibility is considerably higher for CdTe (bulk modulus 
Bu = 42.4 GPa) and ZnSe (Bu = 62.4 GPa) as compared to the commonly used quantum 
dot materials of CdSe (Bu = 53.1 GPa) and ZnS (Bu = 77.1 GPa).
35  Thus, the ability of 
CdTe and ZnSe to elastically compress when subject to a large stress, rather than 
relaxing to form defect trap sites, allows these quantum dots to maintain a high quantum 
yield after 2 ML of shell growth (Figure 4.8B), unlike similarly strained (CdSe)ZnS QDs 
(12% lattice mismatch), which reach a peak in quantum yield after roughly 1.5 ML of 
shell growth. This difference is likely due to the inability of the less elastic CdSe and ZnS 
to withstand strain without forming defects.  Using the softer CdTe core, CdS and ZnS 
shells (11.4% and 19.8% lattice mismatches, respectively) could be successfully grown 
with high quantum yields maintained even after 3 ML of shell growth (Figures 4.9 and 





Figure 4.9:  Optical characteristics of (A) (CdTe)CdS and (B) (CdTe)ZnS quantum 
dots. Absorption and emission spectra are shown for (core)shell nanocrystals with 0, 2, 









Figure 4.10:  Comparison of optical tunability and fluorescence quantum yields for 
CdTe cores coated with different shell materials and thicknesses.  (A) Emission 
wavelengths of 3.8 nm CdTe cores capped with ZnSe (red), CdS (blue), or ZnS (green).  
(B) Fluorescence quantum yields of the same nanocrystals.  Data for ZnSe shells are 
replotted from Figure 4.8.  (C) Diagrams of bulk band offsets for (core)shell nanocrystals 
in (A) and (B).  (D) Diagrams of band offsets for (core)shell nanocrystals, accounting for 
the impacts of quantum confinement and strain, calculated by using model-solid theory 
and a continuum elasticity model.  In this model, it was found that the (CdTe)ZnS 
(core)shell quantum dots are not coherent beyond ~3 monolayers of shell growth, and 
therefore a single dislocation loop and its associated strain relaxation were included in 
the band structure calculation. 
 
 
The concept of strain-induced defect formation has been the predominant paradigm for 
understanding the photoluminescence efficiency of (core)shell quantum dots,6  but this 
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concept does not account for the low quantum efficiencies of type-II quantum dots.29  
Alfred Mews and coworkers reported that type-II (ZnTe)CdSe quantum dots have a 
quantum yield of 15-20%, which decreases after growth of 1.5 ML, despite a lattice 
mismatch of only 0.6%.36  In the work reported herein, Figure 4.8 shows that type-II 
(CdTe)CdSe QDs (7.1% lattice mismatch) reach a peak in fluorescence efficiency after 
only 1 ML of shell growth, whereas highly strained (CdTe)ZnS quantum dots (~20% 
lattice mismatch) reach a peak fluorescence efficiency after 2.5-3 ML of shell growth 
(Figure 4.10).  The separation of charge carriers in type-II quantum dots can result in a 
decreased probability of radiative recombination, and the extended excited state 
lifetimes may increase the probability of nonradiative recombination events.  In addition, 
one of the charge carriers in type-II quantum dots is confined to the shell region, and this 
carrier thus has an increased probability of being trapped in a surface defect site, a 
major factor governing the photoluminescence efficiency of quantum dots. 
 
 
4.4 Structural Characterization of Strained Heterostructures 
4.4.1 Size Determination via Electron Microscopy.  Transmission electron microscopy 
(TEM) of (CdTe)ZnSe quantum dots indicate that shell growth is coherent and 
homogeneous, despite a large difference in lattice constants.  Figure 4.11 shows TEM 
images of these quantum dots at various points throughout the shell growth process.  
The CdTe core nanocrystals are slightly elongated prolate spheroids, with an aspect 
ratio of ~1.4, whereas all of the (core)shell structures up to 9 monolayers are quasi-
spherical.  There is no indication of independent nucleation of shell materials, and a high 
monodispersity is observed for up to 6 monolayers of growth (Figure 4.12), after which 
the polydispersity significantly increases (>15% relative standard deviation in diameter).  
Table 4.2 compares the measured diameters of the nanocrystals with the „ideal‟ 
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diameters calculated from the amount of shell precursors added during shell growth.  
Theoretical sizes are calculated for pseudomorphic growth on spheres or as concentric 
cylinders around a cylindrical core, with and without strain.  The empirically measured 
sizes match a shell growth mode between spherical and cylindrical geometries, a finding 
that is also supported by high resolution transmission electron microscopy and X-ray 
diffraction (see below). 
 
 
Figure 4.11:  Transmission electron micrographs of (CdTe)ZnSe quantum dots 
with various shell thicknesses.  3.8 nm CdTe quantum dots (top left) are shown in 
addition to (CdTe)ZnSe quantum dots with 2 (top right), 6 (bottom left), or 9 (bottom 







Figure 4.12:  Size distributions for (CdTe)ZnSe quantum dots depicted in TEMs in 
Figure 4.11.  Average sizes are 3.75 ± 0.53 nm for CdTe cores (blue), 4.66 ± 0.55 nm 
for 2 ML shell (green), 7.37 ± 0.81 nm for 6 ML shell (orange), and 10.51 ± 1.64 nm for 9 
ML shell (red).  For each sample, ~180 particles were measured, and reported as mean 
diameter ± standard deviation. 
 
 
Table 4.2: Summary of Shell Thickness Data 
Shell 
thickness 









0 (core) n.a. 3.75 n.a. n.a. n.a. n.a. 
2 ML 595 4.66 4.74 5.04 4.22 4.60 
6 ML 3071 7.37 6.85 7.31 7.08 7.79 
9 ML 6446 10.51 8.50 9.20 9.71 10.91 
 
Notes: Shell growth of ZnSe on ~3.8 nm CdTe cores was performed as described in 
Section 4.2.  The molar amount of each ion precursor added is tabulate as the number 
of moles of ZnSe per mole of nanocrystal (nZnSe  / nQD).  The resulting nanocrystal 
diameter is shown, determined via TEM (dobs).  Four types of theoretically calculated 
diameters (dT), are presented, assuming either spherical growth (dT-S) or growth in the 
radial direction along a cylindrical core (dT-C).  These results were calculated for either 
relaxed structures without strain or coherently strained structures.  The observed sizes 
indicate that shell growth proceeds coherently in a manner that is intermediate between 





Figure 4.13:  Absorption (black) and fluorescence emission (red) spectra for 
(CdTe)ZnSe quantum dots described in Figure 4.11.  From bottom to top, the 3.8 nm 
CdTe cores are capped with 0, 2, 6, or 9 monolayers of ZnSe shell. 
 
 
4.4.2 Structural Analysis via High Resolution Electron Microscopy.  High-resolution 
TEM reveals the coherent crystallinity of these quantum dots, with lattice planes 
extending throughout the entire nanocrystal (Figure 4.14).  We have also observed 
lattice warping and electron-density differences, as expected for strained core-shell 
structures (Figure 4.15).  However, other than low-energy stacking faults, no major 
crystalline defects are observed, consistent with the high quantum yield and band-edge 
emission observed throughout shell growth (Figure 4.13).  Figure 4.14 depicts high-
resolution TEMs of (CdTe)ZnS quantum dots with zero or 6 monolayers of shell.  The 
small CdTe core nanocrystals only measure ~6 unit cells in any direction, and thus the 
crystallographic orientation of only a small number of nanocrystals in a specific field of 
view can be identified.  However, these nanocrystals can be unambiguously confirmed 
to be in the zinc blende phase due to the distinctive patterns of the (110) zinc blende 
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plane (see Fourier transform in Figure 4.14A and discussion in section 4.4.3).  However 
the crystal structure of the (core)shell nanocrystals cannot be confirmed due to 
preferential orientation of the nanocrystals on the TEM grid.  Nearly all nanocrystals 
(>95%) with shells larger than 2 monolayers are oriented with the zinc blende (111) 
plane parallel to the TEM grid.  This preferential growth is attributed to the anisotropy of 
the underlying zinc blende CdTe cores, which are found to be slightly elongated in the 
[111] direction, with an aspect ratio of ~1.4.  A prevalence of wurtzite stacking faults in 
this direction also adds a fundamental degree of anisotropy in the underlying crystalline 
lattice (see Section 4.4.3).  Importantly, the lattice mismatch between the wurtzite 
structures of the core and shell materials is slightly larger in the a-direction compared to 
the c-direction, and the compressibility of wurtzite II-VI materials is higher in directions 
perpendicular to the c-axis.35  This suggests that that shell growth may be favored to 
propagate in the radial direction outward along the cylindrically shaped nanocrystals. 
This mode of shell growth contrasts with that observed for most CdSe nanocrystals, 
which typically favor growth in the c-direction of wurtzite structures, commonly attributed 






Figure 4.14: High resolution transmission electron micrographs of (CdTe)ZnSe 
nanocrystals.  (A) Micrographs and fast-Fourier transforms of 3.8 nm CdTe quantum 
dots (top) and (CdTe)ZnSe quantum dots with 6 monolayers of shell (bottom).  (B) 




Figure 4.15: (Core)shell (CdTe)ZnSe quantum dots exhibiting lattice warping and 
localized differences in electron density.  Shell thicknesses were 3 monolayers (a), 6 
monolayers (b-e), or ~10 monolayers (f).  Scale bars represent 5 nm.   
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4.4.3 Powder X-Ray Diffraction.  Powder X-ray diffraction (XRD) data (Figure 4.16) 
show that these nanocrystals grow homogeneously as uniform crystalline domains.  The 
CdTe cores show a zinc-blende diffraction pattern, which shifts to smaller bond lengths 
with shell growth.  After 6 monolayers of shell growth, the lattice constant has shrunk by 
5.1% relative to zinc blende CdTe, indicating an expansion of the ZnSe shell lattice by 
8.5% compared to bulk.  Further increasing the shell thickness to 9 ML nearly doubles 
the total nanocrystal volume, but only slightly changes the lattice parameters.  The 
diffraction peaks become narrower due to the larger crystalline domains produced, with 
no evidence of pure ZnSe or CdTe domains. Combined with the quasi-spherical 
morphology of these particles observed in TEMs, this data suggests that crystal growth 
is coherent and homogeneous, despite the large strain between the core and the shell 
materials.  The XRD spectra show patterns of a hexagonal lattice with shell growth, 
indicated by splitting of the (111) reflection and the development of a peak between the 
(220) and (311) reflections.  This observation is further analyzed through simulations 






Figure 4.16: Powder X-ray diffraction (XRD) of (CdTe)ZnSe nanocrystals.  XRD 
patterns for 3.8 nm CdTe and (CdTe)ZnSe quantum dots with 2, 6, or 9 monolayers of 
shell are shown.  Bulk diffraction peaks for zinc blende (ZB) ZnSe (top) and CdTe 




4.5.3.1 Comparison of zinc blende and wurtzite crystal structures.  II-VI materials are 
polymorphic, crystallizing in either the zinc blende (cubic) or wurtzite (hexagonal) phases 
in bulk and as nanostructures.39-44 These two crystalline phases are structurally quite 
similar, which is reflected in a miniscule difference in lattice energy between the two 
structures (<10 meV per atom) and a high frequency of zinc blende-wurtzite 
polytypism.39,44  For both of these phases, the atoms are bonded in a tetrahedral 
geometry, which may be slightly skewed for a nonideal wurtzite structure.  The major 
energetic differences between these two structures arise from the orientation of 6-
membered rings of atomic subunits in a „chair‟ conformation in the zinc blende [111] 
direction compared to a „boat‟ conformation in the wurtzite [0001] direction.  The 
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eclipsed conformation of the wurtzite structure allows additional long-range electrostatic 
attraction between anions and cations in the [0001] direction, indicated by a slightly 
higher Madelung constant (0.2% larger), causing more ionic materials (e.g. ZnO, ZnS) to 
favor this structure over zinc blende.  This conformational difference can be observed 
most readily in the zinc blende [11 0] direction and the wurtzite [112 0] directions (Figure 
4.17B).  This slight anisotropy in bonding also contributes to anisotropy in electronic and 






Figure 4.17: Zinc blende and wurtzite lattice structures and polytypes.  Lattice 
structures are shown for segments of the high symmetry directions of zinc blende (left), 
showing the equivalent direction with the addition of a single wurtzite stacking fault 
(middle) and for the pure wurtzite structure (right).  Anions are red and cations are blue.  
(A) Lattice structures viewed down the [111] and [0001] axes, with small scale structures 
showing the overall size and symmetry of the models depicted in this figure. (B) Lattice 
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structures viewed down the [11 0] and [112 0] directions, showing the „chair‟ and „boat‟ 
conformations of the zinc blende and wurtzite phases, respectively.  A single wurtzite 
lattice fault introduces a twin plane in the center of the zinc blende structure. (C) Lattice 
structures viewed down the [112 ] and [11 00] directions.  (D) Lattice structures viewed 
down the [001 ] and [44 03] directions, showing complete disruption of the lattice 
symmetry with the addition of a single stacking fault. 
 
 
The structural difference between these two phases is due to the stacking order of lattice 
planes in the zinc blende [111] direction, which is structurally equivalent to the wurtzite 
[0001] direction.  In the zinc blende lattice, unique planes are stacked in the order 
ABCABC…, whereas the wurtzite structure only has two equivalent (0001) planes with 
ABABAB… ordering (Figure 4.17B).  Because of the equivalence between these two 
lattice directions, polytypism between these two structure is manifested in stacking faults 
in the [111] zinc blende direction or the wurtzite [0001] direction.  The zinc blende 
structure has a much higher degree of symmetry than the wurtzite structure, and 
introducing just one wurtzite stacking fault in a zinc blende structure significantly disrupts 
this symmetry.  For example, the zinc blende structure has four equivalent [111] 
directions arranged tetrahedrally and the wurtzite structure has only one analogous 
[0001] direction.  Introducing one wurtzite stacking fault in the middle of a zinc blende 
CdTe nanocrystal completely eliminates the 4-fold symmetry of the [111] axes, resulting 
in the production of a unique anisotropy with a single [111] axis (Table 4.3).  In addition, 
this single stacking fault causes a complete loss of the three cubically oriented [100] 
axes (Figure 4.17D) and a loss of 3 of the 6 [110] axes.  Despite this loss of crystal 
symmetry, a large number of the original facets still remain, and controlling the surface 
energy of different exposed facets has been found to be one mechanism to control the 




Table 4.3: Comparison of lattice direction symmetry and equivalency for zinc 
blende and wurtzite crystal structures 
 
Zinc Blende Wurtzite 
Plane Polaritya Nb N1SF
b BD (d-2)c Plane Polaritya Nb BD (d-2)c 
(111) Polar 4 1 0.433 (0001) Polar 1 0.433 
(11 0) Nonpolar 6 3 0.530 (112 0) Nonpolar 3 1.061 
(112 ) Nonpolar 12 3 0.612 (11 00) Nonpolar 3 0.459 
(001 ) Polar 3 0 0.750     
 
[a] Polarity refers to the electrostatic polarity of the facet terminated by the specified 
plane. 
[b] N is the number of equivalent plane directions, and 1SF indicates the presence of 
one wurtzite stacking fault. 
[c] BD is bond density, the surface density of unpassivated orbitals in facets terminated 




4.5.3.2 Simulation of Diffraction Patterns.  From the preceding discussion, it is evident 
that although the hexagonal wurtzite and cubic zinc blende phases are quite similar in 
molecular bonding, their structures strongly differ in symmetry.  Introducing even a small 
number of wurtzite stacking faults to a zinc blende crystal would be expected to 
significantly disrupt the high symmetry of the cubic unit cell, however the overall 
hexagonal symmetry of the wurtzite phase is not significantly perturbed by the addition 
of zinc blende stacking faults.  Crystal symmetry is strongly linked with diffraction 
techniques, so powder XRD spectra (Figure 4.16) can be analyzed to reveal the crystal 





To this end, XRD spectra were simulated using the Debye formula (Appendix A), as 
shown in Figure 4.18.6,42,43  Twenty zinc blende crystal lattice structures were 
constructed with randomly distributed wurtzite stacking faults in the [111] direction with a 
specific frequency (0-100%), and then atoms were removed from these structures that 
fell outside of a hexagonal prism with specific dimensions.  Core CdTe quantum dots 
were simulated as ~850 atom hexagonal cylinders, and (core)shell structures were 
simulated by extending the lattices of these cores using zinc and selenium atoms.  The 
Debye equation was then solved for these structures using the DISCUS software 
package,47 and the spectra were averaged to simulate a distribution of stacking faults.  
Only ten spectra were averaged for the 6 monolayer and 9 monolayer samples due to 
the long processing times required for such large structures.  Thermal effects were 
incorporated through Debye-Waller factors, however it should be noted that strain would 
be expected to impact thermal fluctuations of atoms, but in ways that are not 
immediately predictable.  No surface relaxations were incorporated in the simulations.  





Figure 4.18: Simulations of XRD data.  Simulations are displayed above the 
experimental data, which are reproduced from Figure 4.16.  The dimensions, lattice 
constants, and frequencies of stacking faults for each crystal structure are itemized in 
Table 4.4.  Core nanocrystals (A) were used as a substrate upon which coherent layers 
of ZnSe were extended to simulate a (core)shell structure with 2 (B), 6 (C), or 9 (D) shell 
monolayers.  Inclusion of 30-40% wurtzite stacking faults in the [111] direction was found 
to be essential for accurately modeling the scattering between the (220) and (311) 









Table 4.4: Parameters for nanocrystal models used for XRD simulations 
Sample SF% Height (nm) Width (nm) Lattice Constant, a (Å) 
CdTe core 32% 4.2 3.0 6.49 
CdTe/ZnSe, 2 ML 33% 4.7 4.3 6.40 
CdTe/ZnSe, 6 ML 38% 6.6 7.2 6.19 
CdTe/ZnSe, 9 ML 35% 7.2 10.9 6.17 
 
Notes: The percentage of wurtzite stacking faults in the zinc blende [111] direction is 
indicated as SF%.  Each nanocrystal was modeled as a hexagonal prism with height and 
width indicated in the table. 
 
 
Simulations of the diffraction patterns of these structures reveal that the aforementioned 
increase in hexagonal patterning to the XRD spectra with shell growth are not indicative 
of a phase change.  Instead, these changes reflect a high prevalence of stacking faults 
in the [111] zinc blende direction.  The presence of these faults in (CdTe)ZnSe quantum 
dots is shown microscopically in Figure 4.19.  The structural simulation data 
demonstrate that all of the (core)shell nanocrystals characterized in Figure 4.16 are 
predominantly zinc blende, with 30-40% of the (111) lattice planes stacked in the 
hexagonal geometry.  Therefore, the increasing hexagonal nature of the diffraction 
patterns is caused solely by the narrowing of the diffraction peaks with coherent shell 
growth, which reveals the underlying cubic-hexagonal polytypism that is obscured by the 





Figure 4.19: High-resolution transmission electron micrograph of 3.8 nm CdTe 
quantum dot coated with 6 monolayers of ZnSe.  This nanocrystal is oriented with its 
{110} plane parallel to the TEM grid, which occurs infrequently for these nanocrystals, as 
discussed in the main text.  Multiple stacking faults along the [111] zinc blende direction 
are evident in the visible twinning. 
 
 
The structures that most accurately simulate the experimental data show an anisotropy 
of shell growth, with preferential deposition on lattice planes perpendicular to the [111] 
axis, in accord with TEM size data (Table 4.2) and high resolution TEM structural 
analysis (Figure 4.14).  This is indicated qualitatively in the disproportionately narrow 
widths and high intensities of the peaks for the nanocrystal reflections perpendicular to 
the [111] axis for nanocrystals with thicker shells.  Deviations between the simulations 
and experimental data were significantly impacted by imperfect background subtraction 
of the experimental spectra, especially for the smallest nanocrystals.  In addition, there is 
an inherent tradeoff between spectral resolution and numerical computation time, which 
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manifests itself in artifactually wider peaks for larger nanocrystals.  This finite resolution 
diminishes the curvature of peaks in Figure 4.18D, an effect which could be eliminated 
with higher resolution computations, but which is computationally forbidding.  Previous 
studies also suggest that the larger polydispersity of the 9 ML nanocrystals (Figure 4.12) 
narrows the diffraction peaks and lengthens the tails.48 
 
4.5 Modeling of Strain and Band Structures 
4.5.1 Continuum Elasticity Modeling. To gain further insight into the mechanism of 
strain tuning, a continuum elasticity model was implemented for coherently grown 
epitaxial ZnSe shells on CdTe cores (Appendix B).49  Figure 4.20 demonstrates that the 
shell induces a radial compression of the core, resulting in isotropic, compressive strain.  
The shell lattice is under tensile strain in the tangential directions surrounding the core, 
and is compressively strained in the radial direction.  The strain in the shell decays with 
increasing distance from the interface, but does not decay fully to zero.  This result 
demonstrates that thick shells are unable to compress the core to more than a critical 
value, leaving a significant amount of elastic strain in the shell.  Based on the lattice 
constants experimentally observed from XRD and TEM, however, the compression of 
the core should be much larger.  This discrepancy is most likely due to the nonspherical 
growth in the shell occurring perpendicular to the [111] direction, causing the 
heterostructure to more closely resemble concentric cylinders rather than concentric 
spheres.  Modeling this system as cylinders redistributes much of the strain to the shell, 





Figure 4.20:  Continuum elasticity simulation data for high-strain (CdTe)ZnSe 
nanocrystals. Left: strain distribution in a 3.8 nm-diameter CdTe nanocrystal coated 
with a 6 monolayer ZnSe shell, modeled as concentric spheres (solid black line) or 
concentric cylinders (hatched red line).  Strain in the core is isotropically compressive, 
while strain in the shell is tangentially tensile (top line) and radially compressive (bottom 
line).  Right: calculated lattice constants corresponding to spherical and cylindrical strain 
profiles, compared to the experimentally observed lattice constants (blue hatched line).  
Blue axis indicators correspond to unstrained CdTe (6.482 Å) and ZnSe (5.668 Å). 
 
 
This continuum elasticity model can be used to predict the critical shell thickness for 
which the formation of a dislocation loop is energetically more favorable than coherent, 
epitaxial growth.  This was calculated by determining the shell thickness for which the 
energy of the coherent, elastically strained state is equal to the energy of the incoherent 
state, with the latter arising from energy due to both the defect and the residual elastic 
energy from strain.  A circular dislocation loop is a type of misfit dislocation (Figure 4.1) 
that can encircle the interface between the core and shell material to release strain, and 
is expected to be the lowest energy incoherent defect state for such a strained 
heterostructure.  Figure 4.21 depicts this critical thickness for different core sizes, 
demonstrating that CdTe cores with a diameter less than ~3.5 nm can tolerate strained, 
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coherent growth of shells with essentially any thickness.  It should be noted that this 
critical thickness is the absolute minimum shell thickness that results in defect formation.  
There may be a significant activation energy for dislocation formation, and the nucleation 
of a such a defect is kinetically controlled and will likely only occur after overgrowth of a 
shell thicker than the critical thickness. 
 
 
Figure 4.21: Critical shell thickness for (CdTe)ZnSe quantum dots.  The minimum 
shell thickness for which the formation of a dislocation loop is energetically more 
favorable than coherent growth is indicated by a solid line for different core sizes.  For 
shell thicknesses greater than the critical thickness, defect formation is favored to relax 
the structure to incoherent growth.   
 
 
4.5.2 Band Structure Calculations. Using the theoretically derived lattice deformations, 
the “model-solid theory” was used to calculate the band offsets and bandgaps of the 
various (core)shell structures.50   With knowledge of the bandgap of the core from optical 
spectroscopy before capping, the relative energy shifts of the conduction and valence 
band edges due to quantum confinement were calculated to a first approximation from 
the relationship  
195 
 
 ∆Ee,h  ∝  me,h
-1
 Equation 4.4 
in which the change in energy of the conduction (valence) band edge due to quantum 
confinement, ΔEe (ΔEh), is inversely proportional to the bulk effective mass of the 
electron (hole).51  Determination of the band edges of the shell is more difficult, but can 
be approximated to a surprisingly accurate degree by assuming the shell to behave as a 
two-dimensional quantum well.  This approximation is theoretically acceptable if the 
perimeter of the sphere is larger than the exciton Bohr diameter of the shell material, 
such that the radial direction is not quantum confined.  The dependence of the bandgap 
of an unstrained quantum well on its width has been empirically determined and 
calculated theoretically for many different II-VI materials, and can be found in the 
literature.  Once the bandgaps, band offsets, and material strain of the core and shell 
materials are known, the model-solid approach of Van de Walle and Martin50 can be 
used to approximate the bandgap of the entire heterostructure using published 
parameters for the materials of interest.4-6 There are several advantages and 
disadvantages to this approach for the determination of band structure.  This method is 
robust and purely analytical, requiring very little computational power to implement.  The 
reliance on empirical data adds credibility, and no correction factor needs to be used for 
the bandgaps, unlike for local density approximations, although theoretically calculated 
bandgaps and band offsets could just as easily be used instead.  The use of a 
continuum elastic model of nanocrystals is likely to be less accurate than atomistic 
elasticity models, especially in regions with abrupt changes in strain, such as in the 
direct vicinity of nano-heterostructure interfaces, but this approach has been shown to 
agree strongly with more complex models.52  However, the model-solid approach does 
not account for quantum tunneling, which is believed to be an important characteristic of 
the wave nature of charge carriers for influencing the optical properties of 
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heterostructures, especially for nanocrystals with highly localized charge carriers.  It is 
possible that the accuracy of this model could be increased with the inclusion of a term 
accounting for the finite well depths of the charge carriers.  The nonspherical, anisotropic 
growth of the nanocrystals described herein, and the anisotropy and possible size-
dependence of the materials parameters of these semiconductors, are other sources of 
error when comparing with this model.  Nevertheless, these methods show strong 
correlation with experimental data, allowing the prediction of bandgaps of these 
structures at various stages of shell epitaxial growth (Figure 4.22).   
 
 
Figure 4.22:  Comparison of experimentally determined photoluminescence (PL) 
emission wavelengths with predicted bandgap values from the continuum 
elasticity-model solid theory calculations. Experimental data is from 3.8 nm CdTe 
quantum dots coated with 0 to 5 monolayers of ZnSe shell (reproduced from Figure 4.8).  
Theoretical data implements concentric cylinders, with strain (black solid line) or without 
strain (black hatched line).  When accounting for quantum confinement of the materials, 
the quantum dots are type-I when the effects due to strain are ignored.  This is not 
surprising, due to the type-I alignment of the band offsets for the bulk heterostructure.  
With strain, the bandgap decreases due to the formation of a type-II structure.  The 
disparity between the experimental PL peak and the predicted energy gap is due to a 
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combination of the Stokes shift between the absorption band edge and the PL peak, and 
due to the various shortcomings of this semi-empirical model, as outlined in the text. 
 
 
4.5.3 Size Dependence of Materials Parameters. For these modeling calculations, 
bulk material parameters are used because no general trends have yet emerged 
regarding the dependence of elastic moduli on particle size.   For some materials, the 
compressibilities change with grain size, most commonly showing a softening effect with 
decreasing size.15,53  In other instances, however, compressibility values are found to be 
unchanged in nanoparticles compared to the bulk.53,54  For II-VI semiconductors,  it has 
been reported that CdS quantum dots have similar compressibilities compared to the 
bulk,54 whereas CdSe quantum dots are more compressible than the bulk material.15   
Quantum confinement by itself may induce structural modifications in semiconductor 
nanocrystals,55 and these nanocrystals may be subject to compressive or tensile forces 
depending on the nature of their passivating ligands.56  For the strain-tunable quantum 
dots in this work, the elasticities of nanoscale ZnSe and CdTe have not been determined 
as a function of particle size.  If the elasticities of the core and shell materials decrease 
evenly, the total elastic strain energy in these dots would be reduced. This energy 
reduction is not expected to alter crystalline deformation or lead to major net changes in 
our bandgap calculations.   To further examine the case in which only one of the 
materials becomes more elastic, a theoretical model was implemented using smaller 
elastic moduli (20% smaller than bulk) for either the core or shell materials.  This 
softening effect marginally modifies the magnitude of the strain-induced band shifting (by 
less than 3%).  It is also important to note that the observed crystalline polytypism may 
slightly affect the calculated bandgaps.  Shengbai Zhang and coworkers calculated a 
bandgap 1.50 eV for zinc blende CdTe and a bandgap of 1.547 eV for wurtzite.44  For 
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ZnSe, experimental data of the bandgaps also reveal a very small difference of 2.82 eV 
for zinc blende, and 2.8474 eV for wurtzite.39    
 
4.6 Other Structural and Quantum Mechanical Mechanisms 
4.6.1 Quantum Confinement.  Some of the optical properties of (CdTe)ZnSe 
nanocrystals may be superficially explained simply from the perspective of quantum 
confinement of electronic energy states.  As the dimensions of the heterostructure 
decrease from bulk to that of the core-shell quantum dot, the corresponding widening of 
the bandgap may occur asymmetrically between the bands of the core and shell, thus 
altering the band offsets between the materials.  If this is the case, when the ZnSe shell 
thickness increases, its conduction band edge will decrease in energy, below that of the 
conduction band of the highly confined CdTe core, thus increasing electron density in 
the shell, and yielding a type-II structure.  This rationale has been proposed as a 
mechanism for modulating between type-I and type-II character in (ZnSe)CdSe and 
(CdS)ZnSe core/shell quantum dots by adjusting the shell thickness.57,58 However this is 
not an adequate explanation for the (CdTe)ZnSe system because the bulk conduction 
band offsets (ΔEc=0.68 eV) and valence band offsets (ΔEv=0.64 eV) are similar, and 
despite large differences in electron and hole effective masses, the relative bandshifts 
should not be tremendously different.  Moreover, if this were the case, CdS would be an 
even better shell material for generating type-II quantum dots with CdTe cores, due to 
the near-zero conduction band offset between these materials in bulk, and because the 
effective masses of its charge carriers are comparable to those of ZnSe.35 (CdTe)CdS 
quantum dots indeed do demonstrate quasi-type-II character after thick shells are grown 
(≥ 5 monolayers), however the magnitude of spectral shifting is much less than that of 
(CdTe)ZnSe (Figure 4.10).  Quantum confinement-induced modifications of band offsets 
do, indeed play an important role in the highly strained nanocrystals described herein, 
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but they are small compared to the role of strain (Figure 4.22).  It should be noted that a 
large amount of the previous work on (core)shell structure modeling to explain type-I and 
type-II quantum dot modulation from the sole perspective of quantum confinement has 
been significantly biased by the inaccuracy of effective masses for small nanocrystals 
and thin shells.  Although effective mass approximations of band alignments are useful 
for explaining broad trends, they are insufficient to accurately predict precise changes in 
band alignments for nanocrystals, which makes the pseudo-empirical approach used 
herein even more widely useful. 
 
4.6.2 Interfacial Alloying. The study of interfacial alloying of bulk heterostructures is a 
challenging task, and very few tools exist for such analyses for nanocrystals.  Alloying of 
the (CdTe)ZnSe quantum dots at the core/shell interface could possibly generate a type-
II structure.  That is, diffusion of either zinc or selenium from the shell into the core could 
result in ZnTe/CdSe or CdTe/CdSe/ZnTe interfaces, respectively, which are both type-II 
heterostructures in bulk.  Indeed, Cd(Te,Se) quantum dots grown via self-assembly on a 
ZnSe substrate using molecular beam epitaxy show two emission bands, one attributed 
to Cd(Te,Se) type-I quantum dot emission, and another to lower energy type-II behavior, 
believed to be due to a ZnSeTe/ZnSe interface.59 However this alloying mechanism is 
unsatisfactory, due to the fact that this band shift is highly dependent on the size of the 
quantum dot core (Figure 4.7), and type-II character is not evident for core-shell 
quantum dots with cores larger than ~5 nm diameter (Figure 4.5 and 4.7). In addition, 
alloying and interatomic diffusion within the crystal should be driven mostly by entropic 
factors, and therefore should occur more readily at high temperatures.  Instead, most of 
the band-shifting that is observed occurs at low temperatures, when thin shells are 
grown on the quantum dot cores, prior to increasing the temperature to expedite capping 
on these more stable (core)shell structures.  CdTe cores with thin 1 ML shell of ZnSe 
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can be heated to over 260°C without observation of changes in the optical spectra.  As 
well, this type-II nature does not develop until thicker shells are grown on the quantum 
dots (2-3 monolayers), whereas type-II quantum dots would be predicted to have formed 
with only thin shells within this model because (CdTe)CdSe has strong type-II 
characteristics after 1 monolayer of shell growth.   
 
Also supporting this argument against the occurrence of interfacial alloying is that most 
other (core)shell quantum dots such as (CdSe)ZnS and (CdSe)CdS have not been 
observed to undergo significant interatomic rearrangements, even at elevated 
temperatures.6,23   The only report of alloy formation after the synthesis of a (core)shell 
structure demonstrated  that this process for (CdSe)ZnSe nanocrystals is temperature-
dependent, and a very high temperature is required to overcome the activation energy 
for interatomic diffusion.60  In the literature, cations have been shown to be the more 
mobile species in II-VI crystals, as the anions generally retain their lattice within the 
structure.1,60-65  A great deal of evidence now points toward the possibility of various 
types of cationic exchange mechanisms within nanocrystals, but very little evidence of 
anionic diffusion.  To test the possibility of cation diffusion-alloying in the nanocrystals 
prepared herein, (CdTe)ZnTe quantum dots were prepared with 2 ML of shell.  These 
nanocrystals were composed of two different cations, Cd and Zn, but only one anion, Te.  
Therefore, if cationic diffusion does occur, one would expect the formation of a CdxZn1-
xTe alloy quantum dot, or a (CdTe)CdxZn1-xTe/ZnTe (core)/shell/shell quantum dot, both 
of which would result in a blue-shift in the optical spectra of the quantum dot due to the 
significantly larger bandgap of ZnTe (2.39 eV) compared to CdTe (1.50 eV).  The core 
quantum dots had a photoluminescence peak at ~630 nm, which shifts to 672 nm after 
capping at 225°C.  When these nanocrystals were heated to 290°C for 3 hours, no major 
changes were observed in the fluorescence emission spectra and absorption spectra.  
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This structure was thermally very stable, showing no signs of alloying at any point, unlike 
the previous reports of temperature-dependent cationic alloying in (CdSe)ZnSe quantum 
dots.  (CdTe)CdSe quantum dots similarly showed no changes indicative of alloy 
formation at high temperature.  Because the possibilities of cationic diffusion and anionic 
diffusion can be ruled out independently, it is unrealistic to presume that both of these 
could occur simultaneously.   
 
4.6.3 Direct-to-Indirect Bandgap Transition. In another possible scenario, the strain 
within the CdTe (6.482 Å lattice constant) core caused by the compressive ZnSe (5.668 
Å lattice constant) shell might be able to induce an indirect bandgap in the CdTe 
quantum dot, as previously observed for small InP quantum dots that transition from 
direct to indirect semiconductors under hydrostatic compression.66,67 This is caused by 
the opposite response of the  and  conduction band edges to pressure due to 
directional differences in charge distribution in zinc blende crystals. Bulk CdTe and ZnSe 
do not exhibit a direct-to-indirect crossover for pressures up to their first phase transition. 
In addition, this possibility is unlikely because the band shifts of the photoluminescence 
and absorption spectra are gradual with shell growth, which would not reflect a pressure-
induced direct-to-indirect semiconductor transition, in which the direct band-edge 
commonly disappears suddenly, leading to the appearance of an indirect edge and very 
low photoluminescence efficiency.   
 
4.7 Outlook 
The insights into the unique impact of strain on nanocrystals described herein are 
valuable from both a theoretical and applied perspective.  The finding that epitaxial strain 
plays a large role in modifying the bandgaps of heterostructures of semiconductor 
nanocrystals addresses many of the poorly understood attributes of these particles, such 
202 
 
as the consistent red-shift with epitaxial overgrowth, the dependence of quantum 
efficiency on shell thickness, the interrelationship between quantum confinement and 
strain, and the crossover between coherent and incoherent growth modes.  Furthermore, 
nearly all (core)shell nanocrystals and other types of nano-heterostructures are subject 
to varying degrees of lattice strain because of the structural mismatch between two 
different materials.  It should be noted that a previous publication by Chen et al. 
described the production of (CdSe)CdS and the modulation of optical properties through 
lattice strain.9  However, the experimental results that they observed were not caused by 
lattice strain but arose from the continuous growth of CdSe cores (not CdS shells) under 
their experimental conditions, and the theoretical application of strain was erroneous.  
 
It is an interesting and powerful notion that epitaxial strain in a freestanding colloid can 
induce a stable modification of molecular bond lengths.  The modification of molecular 
bond lengths significantly impacts the electronic and energetic properties of a molecule 
or crystal, and divulges great insight into the underlying atomistic physics of the system.  
For example, sp3 hybridized alkanes can be strained to modify their bond lengths and 
angles through the synthesis of strained ring systems, however these structures are not 
continuously tunable, requiring demanding chemistry to design structures with slightly 
different characteristics.  In addition, inducing bond length alterations in crystalline 
materials has traditionally relied on the use of high pressure in solid state systems or the 
controlled mechanical warping of bulk structures.  The fact that colloidal systems may 
allow bond-length altered crystals to be suspended in liquid without external 
perturbations could yield a tremendous degree of flexibility in the study these systems.  
The shell materials of these colloids „lock‟ the core material into a nonequilibrium lattice 
through coherent epitaxy, and the theoretical models used herein show that the core 
material can be under an effective pressure as high as 3 GPa.  The inherent utility of 
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generating a strained, freestanding solid has already been demonstrated by Mark 
Eriksson and coworkers, who produced tensile-strained silicon films that were nearly 
defect-free due to the high tolerance of nanometer-scale crystals to elastic strain sharing 
with an epitaxial layer.5  Extension of this concept to small crystals suspended as 
colloids in liquid phase should further enhance the applications of such strained-
systems. 
 
Although (CdTe)ZnSe nanocrystals are the focus of this work, the theories and methods 
described herein are widely applicable, and are not unique to this specific system.  Of 
the materials examined, this specific (core)shell structure exhibited the largest 
dependence on strain.  The basis for this finding is that CdTe is the most compressible 
of all the II-VI and III-V materials except for mercury telluride, and its deformation 
potential is also high.30,26  This means that the lattice of CdTe is readily compressed, and 
upon compression, its electronic energy bands shift to a large degree.  ZnSe also has a 
high deformation potential but has a much higher bulk modulus; its role as a less 
deformable, highly mismatched shell material is likely crucial in generating the unique 
optical properties reported.  Other colloidal semiconductor nanocrystals with similar bulk 
materials parameters could be employed for strain tuning, especially III-V antimonides 
(AlSb, GaSb, and InSb) and other II-VI tellurides (ZnTe and HgTe).  Extension of these 
concepts to multidimensional anisotropic systems with more chemical domains may lead 
to the capacity to prepare multifunctional nanoscopic devices and tools for solar energy 
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The colloidal and surface properties of quantum dots play a major role in their 
interaction with biological systems and strongly impact their properties as imaging 
agents for molecular, cellular, and in vivo animal imaging.  Chapters 2-4 in this thesis 
describe the engineering of quantum dot optical properties through complex chemical 
syntheses, resulting in highly ordered, uniform, colloidal particles.  However these 
state-of-the-art synthesis protocols are performed in nonpolar coordinating solvents, 
yielding nonpolar colloids insoluble in biological buffers.  Phase transfer of these 
nanoparticles to aqueous solution has been a major limiting factor in the successful 
exploitation of the unparalleled optical properties of these nanocrystals.  The phase 
transfer methods are either based on the displacement of native nonpolar ligands 
with small-molecule coordinating ligands or the micellar encapsulation of 
hydrophobic quantum dots in amphiphilic polymers or lipids (Figure 2.21).  However 
it is still not clear how these different surface coating molecules affect the optical, 
colloidal, and chemical properties of the solubilized quantum dots.  This chapter 
reports the systematic evaluation of the effects of surface coating chemistry on the 
hydrodynamic size, fluorescence quantum yield, photostability, and chemical stability 
of water-soluble quantum dots.  A trade-off between minimum size and overall 





5.1 Comparison of Ligand and Polymer Coatings 
For colloidal nanocrystals, two independent interfaces play crucial roles in dictating 
nanoparticle properties (Figure 5.1).  The nanocrystal-organic surfactant interface 
plays an important role in nanocrystal structure and optical and electronic properties.  
The interface between the organic molecules stabilizing the quantum dot dispersion 
and the surrounding medium largely influences the colloidal properties of the 
nanoparticles, such as the hydrodynamic size, charge and 
intermolecular/interparticle interactions.  These interfaces can be intimately linked, 
particularly if a single molecule is responsible for both surfaces.  For example, 
hydrophilic thiols bind to quantum dot surface atoms and simultaneously stabilize 
quantum dot dispersions in polar solvents, and as such, are responsible for the 
surface-related optical properties of the quantum dot and also for surface charge and 
possible aggregation.  On the other hand, quantum dots with hydrophobic organic 
ligands can be encapsulated in a variety of surfactants for stabilization in polar 
solvents, allowing the optical properties to be dictated by the original underlying 
ligands, and the colloidal properties can be independently tuned by the encapsulating 
surfactant.  Herein, hydrophobic quantum dots are modified with a variety of 
hydrophilic ligands and polymers to study the relationship between these two 






Figure 5.1: Schematic of a quantum dot dispersed in aqueous medium.  The 
inorganic quantum dot surface is directly bonded to organic coordinating molecules.  
These ligands, and any surrounding polymeric coating, dictate the thickness of the 
organic shell, which provides a protective barrier from aqueous solutes.  The outward 
facing organic molecules influence the colloidal properties of the quantum dots, such as 
surface charge and hydration shell-dependent hydrodynamic size. 
 
 
Five different water solubilization schemes were optimized for this work (Figure 5.2).  
Using bifunctional ligands (monodentate and polydentate), polymeric encapsulation 
(graft, diblock polymers and lipids), and different surface colloidal stabilizations 
(anionic, cationic, and neutral polymers), the colloidal, interfacial, and optical 
properties could be modulated to produce distinct and useful properties.  For each of 
these preparations, a variety of phase transfer methods were tested to maximize 
quantum dot quality and encapsulation efficiency, ranging from extractions to solvent 
evaporations and dialysis.  Some of these techniques are modifications of those 
reported in the literature.1-6  Ligand exchange using hydrophilic thiols, like 
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mercaptopropionic acid, is still the most widely used phase transfer technique for 
quantum dots, owing to its simplicity, speed, and the consistent production of single, 
isolated hydrophilic nanocrystals.1  However the resulting particles are notoriously 
prone to aggregation over time due to the lability of the thiol-quantum dot bond.7,8  
Ligand exchange using multidentate polyethylenimine was previously reported to 
result in nanocrystals soluble in a variety of polar solvents like water and ethanol.2  
Three different strategies were implemented for encapsulation of quantum dots in 
amphiphilic polymers, each of which allowed the retention of the hydrophobic ligands 
on the nanocrystal surface.  Amphipol encapsulation was first reported by Bruchez 
and coworkers,9 and later studied in greater depth by Parak and coworkers.5  Lipid-
PEG encapsulation of nanocrystals was reported by Benoit Dubertret and 
coworkers,3 and block copolymer encapsulation of hydrophobic nanoparticles was 
reported by Nie6 and Andrew Taton.,10 each of which resulted in highly stable 
colloidal dispersions.  In assessing each of these coating and encapsulation 
strategies, it is hypothesized that thicker organic shells and polymeric surface 




Figure 5.2: Small molecules, multidentate ligands, and amphiphilic polymers used 




5.1.1 Experimental Methods for Ligand Exchange and Polymer Coating. Cadmium 
selenide quantum dots (4.5 nm) were synthesized in a coordinating solvent and capped 
with a shell of CdS (2 monolayers) and then ZnS (2 monolayers) in a solvent of 
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octadecylamine (ODA) / octadecene (ODE), following procedures outlined in Chapters 3 
and 4.11-14   These (CdSe)CdS/ZnS particles have been shown to be highly luminescent 
and have greater photostability than CdSe cores, (CdSe)CdS (core)shells, and 
(CdSe)ZnS quantum dots, presumably due to improved lattice matching between the 
highly strained CdSe core and ZnS shell with interim layers of CdS.12,13,15,16  These 
nanocrystals were stored as a crude mixture at 4ºC and purified using repeated 
extractions in hexane/methanol, followed by precipitations with acetone prior to use.  
The quantum dots were transferred to water using 5 different ligands or polymers, and 
each phase-transfer protocol was independently optimized to maximize colloidal stability 
and quantum yield. 
 
5.1.1.1 Mercaptopropionic Acid-Coated Quantum Dots: A large excess of 
mercaptopropionic acid (MPA; 300 μL) was added to a 1 μM solution of quantum 
dots in chloroform (1 mL) and stirred overnight at room temperature.  The 
nanocrystals were isolated from the opaque suspension via centrifugation, and the 
pellet was washed twice with chloroform to remove excess ODA.  After resuspension 
in a 1.1 mM aqueous solution of MPA (pH 10), the nanocrystals were incubated at 
room temperature for 24 hours to finalize ligand exchange.  The particles were 
centrifuged at 14,000g for 15 minutes to remove aggregates, dialyzed repeatedly 
against 50 mM borate buffer (pH 8.5), and then stored at 4ºC in the dark. 
 
5.1.1.2 Polyethylenimine-Coated Quantum Dots: Polyethylenimine (PEI; Mn 10,000 
Da) was mixed with a nanocrystal dispersion in chloroform, and the solvent was 
slowly evaporated. The resulting dried film was dissolved in deionized water and the 
solution was centrifuged to yield a clear supernatant containing a white precipitate, 
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probably composed of displaced ODA. Unbound PEI was removed via repeated 
dialysis against deionized water, and then 500 mM borate buffer was added to a final 
concentration of 50 mM. 
 
5.1.1.3 Amphipol Encapsulated Quantum Dots: Poly(maleic anhydride-alt-1-
tetradecene) (Amphipol; Mn 7300 Da) was hydrolyzed at 80ºC in water (5% w/v) for 
24 hours and then lyophilized, yielding an amphiphilic polycarboxylate.  This 
protonated polymer was dissolved in chloroform and mixed with quantum dots at a 
quantum dot:polymer chain ratio of 500:1.  The solvent was slowly evaporated under 
a slight vacuum.  The dried film was resuspended in borate buffer, centrifuged 
(14,000g, 15 minutes) to remove aggregates, and purified from excess polymer via 
ultracentrifugation (540,000g, 1 hour).  To PEGylate the carboxylic acids on these 
nanocrystals, the particles were mixed with monoamine-terminated polyethylene 
glycol (amino-PEG; 2000 Da) at a quantum dot:PEG ratio of 1:3000, and then excess 
N-(3-dimethylaminopropyl)-N‟-ethylcarbodiimide hydrochloride (EDC) was added 
(quantum dot:EDC = 1:5000).  After 24 hours at room temperature, excess EDC was 
quenched with the addition of 1-thioglycerol, and the quantum dots were purified via 
ultracentrifugation. 
 
5.1.1.4 Lipid Encapsulated Quantum Dots:  Quantum dots and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000] (Lipid-PEG) 
were mixed in a 1:5000 molar ratio in chloroform, and the solvent was slowly 
evaporated under a slight vacuum.  The nanoparticles were resuspended in 




5.1.1.5 Amphiphilic Diblock Copolymer Coated Quantum Dots: Quantum dots and 
poly(methyl methacrylate)-polyethylene oxide diblock copolymer (PMMA-PEO; 
20,300 KDa; 43% PMMA, 57% PEO) were dissolved in THF, mixed, and then 
dialyzed repeatedly against deionized water using a low molecular weight cutoff 
membrane (2000 Da).  The resulting aqueous solution was then subjected to several 
cycles of centrifugation (14,000g, 15 minutes), and then ultracentrifugation 
(540,000g, 1 hour) to remove aggregates and excess polymer.  Finally, the 
nanoparticles were resuspended in borate buffer. 
 
5.1.2 Optical and Colloidal Characterization.  The inorganic (CdSe)CdS/ZnS 
nanocrystals synthesized herein had a roughly spherical shape with a 6.5 nm diameter 
and a fluorescent emission peak at 630 nm (Figure 5.3), 24 nm full-width-at-half-
maximum, and nearly 80% quantum yield in chloroform.  After phase transfer to water, 
the spectral positions and features were generally unchanged, but the quantum 
efficiences were strongly dependent on the coating method (Table 5.1). 
 
 
Figure 5.3:  TEM (A) and optical spectra (B) for the quantum dots used in stability 
assays.  Fluorescence spectra (solid line) and absorption spectra (dotted line) are 
plotted in arbitrary units of intensity (AU). 
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Table 5.1: Quantum yield, hydrodynamic diameter, and zeta potential of quantum 
dots with various ligands and coatings. 
 






Octadecylamine (in hexane) 79.3% ~7 n.a. 
Mercaptopropionic acid 63.4% 6-8 -35.4  1.8 
Polyethylenimine 43.0% 10-12 17.9  0.9 
Amphipol 64.1% ~18 -34.7  2.1 
Lipid-PEG 52.8% ~30 -5.07  1.09 
Diblock copolymer 20.9% ~35 -17.4  0.7 
 
[a] Relative to the organic dye Atto 610 
[b] Determined via dynamic light scattering 
[c] Reported as zeta potential  standard deviation 
 
 
Dynamic light scattering (DLS) data, transmission electron micrographs, and 
proposed self-assembly schematics are depicted in Figures 5.4 to 5.8 for comparison 
of the five different encapsulation and coating strategies.  Zeta potential values and 
average hydrodynamic sizes are summarized in Table 5.1.  Whereas DLS and zeta 
potential data are reproducible and fairly quantitative, each type of quantum dot 
coating behaves differently when spread on a TEM grid and also seems to interact 
differently with the phosphotungstic acid stain, probably due to differences in surface 
charge and polymer characteristics.  Therefore TEM is only used as a qualitative 
method for evaluating nanoparticle structure.  Quantum dots coated with MPA are 
the smallest overall (6-8 nm hydrodynamic diameter) due to stabilization by a single 
monolayer of hydrophilic ligand.  They are also negatively charged due to 
deprotonation of MPA at neutral and basic pH, and are highly clustered when spread 
on a TEM grid (Figure 5.4).  Quantum dots coated with PEI are larger by DLS 
measurements (10-12 nm), suggesting that the multidentate polymeric coating 
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contributes significantly to its size.  These hydrodynamic dimensions agree well with 
a previous report of quantum dots encapsulated in PEI (Figure 5.5).2  PEI-coated 
nanocrystals are highly positive in charge, even in basic solution, which is not 
surprising, considering PEI contains primary, secondary, and tertiary amines capable 
of buffering over a wide pH range.17,18 
 
 
Figure 5.4: Structural schematic (A), TEM (B), and DLS spectrum for MPA-




Figure 5.5: Structural schematic (A), TEM stained with phosphotungstic 





Figure 5.6: Structural schematic (A), TEM stained with phosphotungstic 




Figure 5.7: Structural schematic (A), TEM stained with phosphotungstic 




Figure 5.8: Structural schematic (A), TEM stained with phosphotungstic 
acid(B), and DLS spectrum for diblock copolymer-coated quantum dots. 
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Compared to quantum dots coated with monodentate and polydentate ligands, all of 
the quantum dots encapsulated in amphiphilic polymers are measured to be 
significantly larger via DLS and are surrounded by visible shells of low electron 
density in TEM micrographs.  There is a correlation between the size of the quantum 
dots on TEM grids and their size from DLS measurements, but this relationship is not 
quantitative, most likely due to the fact that nanoparticles and their surrounding 
polymers adopt different conformations when spread and dried as thin films, 
compared to those in aqueous solution.  This is also undoubtedly a result of the 
fundamental difference between nanoparticle hydrodynamic size measured by DLS 
and the electron density observed in TEM.  Quantum dots coated with amphipol are 
roughly 18 nm in diameter by DLS measurements, and negatively charged (Figure 
5.6).  Quantum dots coated with lipid-PEG are significantly larger (30 nm) and nearly 
neutral (Figure 5.7).  Coating quantum dots with the amphiphilic diblock copolymer 
generates even larger particles (~35 nm), encapsulating clusters of 2-10 
nanocrystals within single nanoparticles, with thick polymeric shells in electron 
micrographs (Figure 5.8).  These nanoparticles have a slight negative charge, 
presumably due to a terminal hydroxyl group on the PEG, unlike the terminal 
methoxy group of the lipid-PEG quantum dots. 
 
5.1.3 Optical and Structural Stability Assays.  II-VI semiconductors are labile 
toward oxidation due to the high oxidation potential of reduced chalcogens.  Thereby, 
II-VI nanocrystals may be etched and fully dissolved in solution with oxidiz ing agents 
or acids, an effect which is catalyzed by illumination at wavelengths shorter than the 
band edge absorption.  An example of these chemical reactions is  
 [CdSe]𝑛  + 2O2  
    
 [CdSe]𝑛−1 + Cd
2+
+ SeO4
2− Equation 5.1 
These degradation mechanisms are further studied in Chapter 7. 
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5.1.3.1 Photochemical oxidation. Quantum dots were photocatalytically etched by 
soluble oxygen.  Quantum dots in borate buffer (74 nM, 800 μL) were transferred to a 
1 mL glass cuvette, resulting in a dead volume of 200 μL of air.  Similar to previously 
reported photooxidation experiments,7,12,19,20 cuvettes were sealed and positioned in 
front of a 6-watt ultraviolet lamp (UVGL-58, UVP) with 254 nm illumination and 
spatially homogeneous photon flux, as verified using a power meter.   UVC 
illumination in the presence of oxygen caused all quantum dot samples to gradually 
decrease in fluorescence quantum efficiency, and both the fluorescence and 
absorption spectra blue-shifted, indicating oxidative etching of the surfaces of the 
quantum dots (Figure 5.9).  However shortly after the onset of illumination, quantum 
dots coated with MPA and PEI increased in quantum yield (by a factor of 4-10%), 
probably due to a photoenhancement effect that has been commonly described in 
the literature.21,22  Interestingly, none of the amphiphilic polymer-encapsulated 
quantum dots underwent detectable photoactivation, suggesting that the differences 
in phase transfer techniques were related to this phenomenon.  Quantum yield is 
highly sensitive to the surface of the nanocrystal, especially with respect to ligand 
chemistry, and the original hydrophobic capping ligands on MPA and PEI-coated 
quantum dots were displaced for hydrophilic ones.  This photoenhancement effect 
may be due to a surface rearrangement of ligands and/or photocatalytic annealing of 
surface atoms to repair defects and recombination centers that formed during a 




Figure 5.9: Photooxidation of quantum dots in aqueous solution.  All nanocrystal 
solutions were originally the same concentration, and quantum yield was measured 
periodically during exposure to ultraviolet light.  Before plotting, the quantum yield for 
each quantum dot type was normalized to its initial value.  At the 30 hour time point, 
MPA-coated quantum dots had precipitated from solution.  Example spectra of a blue-
shift in emission are given in Figure 5.10. 
 
All quantum dot samples decreased substantially in quantum yield over the ~97 hour 
assay.  Within 30 hours of UV exposure, MPA-coated quantum dots precipitated, 
which is in accord with previous reports of photooxidation of the thiol ligand, resulting 
in colloidal instability and aggregation.7 PEI-coated quantum dots did not precipitate, 
but instead photodegraded and dissolved after a substantial blue-shift in emission 
(Figure 5.10).  Amphiphilic polymer-encapsulated quantum dots also photobleached 
and blue-shifted in fluorescence, but at a much slower rate than MPA- and PEI-
coated nanocrystals.  This can be attributed to the hydrophobic bilayer surrounding 
each nanocrystal, which serves as a steric barrier to oxygen diffusion.  PEI coated 
quantum dots were also surrounded by a polymer but it was apparently porous 
enough to allow oxygen diffusion to the nanocrystal surface, despite strong 
multivalent attachment.  The amphiphilic polymer-stabilized quantum dots appeared 
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to undergo two separate phases of oxidation, beginning with an initial steep and 
nearly linear decline in quantum yield, which then levelled out to a very slow decline 
in quantum yield.  PEI-coated quantum dots, on the other hand, demonstrated a 
nearly continuous, linear decline in quantum yield until complete photooxidation 
occurred.  It is possible that the two phases observed for polymer encapsulated 
quantum dots were caused by the presence of two subpopulations of particles in 
solution, one that was weakly protected from soluble oxygen, and another that was 
strongly protected.  Quantum dots with defects in their polymeric shells could be 
innately more susceptible to photooxidation due to a higher local concentration of 
oxygen.  However this rationale is not likely the cause of this biphasic trend, as the 
photoluminescence spectra were homogeneous and displayed a similar peak width 
throughout degradation.  Alternatively, it is possible that depletion of soluble oxygen 
decreased the rate of photooxidation.  This is also unlikely, as quantum dot solutions 
were purposely prepared to be very dilute, and the amount of soluble oxygen was 
sufficient to quickly and completely photodegrade PEI-coated quantum dots.  The 
most plausible explanation for this reduction in etching speed is due to trapping of 
organic ligands, polymers, and inorganic degradation products in the quantum dot 
micelle microenvironment as the degradation continued over time.  This would result 
in a larger steric barrier to oxidation over time, unlike MPA- and PEI-coated quantum 






Figure 5.10:  Fluorescence spectra of PEI-coated quantum dots during the 
photooxidation experiment.  Over time, the nanocrystals decreased in quantum yield 
and the fluorescence maximum blue-shifted.  The arrow indicates increasing time. 
 
 
It should be noted that all of these quantum dots were exceptionally photostable 
under illumination conditions commonly used for biological experiments.  Extremely 
high photon fluxes per nanoparticle and UVC excitation are unrealistic experimental 
conditions for nearly all biological assays implementing fluorescent probes, and were 
only used to obtain long-term stability information over a reasonable period of time.  
Indeed, these quantum dots demonstrated exceptional photostability in a microscopic 
setup with 125 mW laser excitation at 488 nm (data not shown). 
 
5.1.3.2 Chemical Oxidation. Quantum dots were etched in aqueous solution in the 
absence of light using hydrogen peroxide.  A solution of quantum dots (900 μL, 370 
nM) in 50 mM borate buffer was transferred to a cuvette, 100 μL of 3% H2O2 (w/v) 
was added, the cuvette was sealed to prevent solvent evaporation, and absorption 
spectra were obtained periodically.  The trends observed for photooxidation were 
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also observed for hydrogen peroxide-mediated oxidation (Figure 5.11).  For these 
experiments, optical density was found to be a more appropriate measure of 
quantum dot etching than quantum yield, as the quantum efficiency of PEI and MPA-
coated quantum dots sharply declined following exposure to hydrogen peroxide.  
MPA-coated quantum dots again quickly precipitated due to oxidation of the 
hydrophilic thiol ligands.  These quantum dots could be resuspended with the 
addition of excess MPA ligand and adjustment of the pH to ~11.  However, over time, 
these quantum dots again precipitated due to oxidation of the ligands caused by 
residual hydrogen peroxide.  PEI-coated quantum dots rapidly oxidized and 
completely dissolved in solution, yielding a clear, colorless liquid (Figure 5.12).  
Quantum dots coated in amphiphilic polymers were much more resistant to oxidation, 
especially ones coated with lipid-PEG or the amphiphilic diblock copolymer, which 
retained bright fluorescence and only demonstrated modest etching.  In contrast, 
amphipol-encapsulated quantum dots were more prone to chemical oxidation, and 
eventually completely dissolved.  This experiment uncovered a chemical instability of 
amphipol-coated quantum dots that would have otherwise gone unnoticed from 
photooxidation experiments.  This disparity between photooxidation and H2O2-
mediated oxidation suggests that the limiting factor for oxidation of alkylated 
polycarboxylate-encapsulated quantum dots is the local concentration of oxidant 




Figure 5.11: Hydrogen peroxide-mediated degradation of quantum dots in 
aqueous solution.  All quantum dots were initially the same concentration, and a 
decrease in optical density (OD) at 622 nm correlates with a blue-shift in the absorption 




Figure 5.12: Absorption spectra of PEI-coated quantum dots during hydrogen 
peroxide-mediated oxidation.  A blue-shift of the absorption onset and decrease in 





To determine if this lability toward oxidation was due to the lack of a surrounding 
PEG layer that could provide a diffusion barrier to chemical etchants, amphipol-
encapsulated quantum dots were covalently modified with 2000 Da PEG, in an 
attempt to react all surface carboxylates.  Nearly complete neutralization of surface 
charge and an increase of hydrodynamic radius (33 nm) suggested that this reaction 
was successful (Figure 5.13).  This modification, however, made negligible impact on 
oxidation rate (Figure 5.14), so other factors must have been responsible for this 
instability toward oxidation (see Section 5.1.4). 
 
 
Figure 5.13: Dynamic light scattering data for amphipol quantum dots modified 
with 2000 Da PEG.  The zeta potential before conjugation was -34.7 ± 2.1 mV, and -





Figure 5.14: Comparison of hydrogen peroxide-mediated etching of quantum dots 




The quick oxidation of PEI-coated quantum dots again demonstrated that polymeric 
or multidentate encapsulation alone is not sufficient for strong protection of the 
nanocrystal surface, and a dense packing of organic molecules, which is possible 
with hydrophobic bilayers, may be necessary to prevent solutes from reaching the 
crystal facets.  Both PEI-coated quantum dots and quantum dots encapsulated by 
amphiphilic polymers were coordinated directly to amine-containing ligands.  The 
only major difference between the two strategies is the absence of a hydrophobic 
bilayer on the PEI-coated quantum dots.  The presence of amines and oxygen has 
been shown to etch the surfaces of cadmium selenide23 and lead sulfide 
nanocrystals,24 sometimes at specific facets.  It is possible that an excess of amines 
could enhance chemical oxidation and photocatalytic oxidation.  As PEI-coated 
quantum dots are not only passivated by amines, but are also stabilized colloidally by 
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amines, there must be a local excess of these basic functional groups surrounding 
the quantum dot surface that could serve to catalyze oxidation. 
 
5.1.3.3 Acid Etching.  Quantum dots were acid-etched in borate buffer.  The 
nanocrystals were diluted to 370 nM, and 900 μL of this solution was transferred to a 
cuvette.  Then 100 μL of 1 M HCl in water was added, and the resulting pH was 
verified to be 1.  The cuvette was sealed to prevent solvent evaporation, and 
absorption spectra were obtained periodically.  All of the quantum dots tested were 
stable in neutral and basic aqueous solution, however strong acids can dissolve 
semiconductors, and have been used for controlled surface etching.25  Dissolution of 
quantum dots in 0.1 M hydrochloric acid resulted in degradation of all quantum dots 
tested over time except for PEI-coated nanocrystals (Figure 5.15 and 5.16). Quantum 
dots coated in anionically stabilized MPA or amphipol immediately aggregated and 
slowly precipitated.  MPA-coated quantum dots could be resuspended by increasing 
the pH to ~11 with sodium hydroxide.  Quantum dots encapsulated in amphipols 
could also be resuspended, but permanent aggregation was evident, as mild 
centrifugation generated quantum dot-containing pellets.  Modification of these 
amphipol-coated nanocrystals with PEG increased their stability toward acid 
treatment, but these quantum dots also eventually precipitated.  Lipid-encapsulated 
and diblock copolymer-coated quantum dots were much more resistant to acid 







Figure 5.15: Acid-induced etching of quantum dots.  Quantum dots were suspended 
in an aqueous solution of pH 1 and monitored via absorption spectrophometry.  
Quantum dots coated with MPA or amphipol are not shown because they immediately 
aggregated.  All quantum dot types degraded except for PEI-coated quantum dots.  After 






Figure 5.16: Absorption spectra of quantum dots during acid-mediated 
degradation.  Very little shift of the absorption onset occurs over the course of the 140 
hour assay for quantum dots coated in diblock copolymer (top), but the first exciton peak 
decreases slightly in intensity. The nanocrystals slowly lose their colloidal stability, as 
evident from the increase in scattering in the lowest graph above.  For lipid-coated 
quantum dots (bottom), the first exciton peak decreases in intensity and slightly red-
shifts during exposure to acid.  The arrows indicate increasing time. 
 
 
Quantum dots coated in PEI were completely resistant to acid etching, maintaining 
the same absorption spectra and quantum yield throughout the entire 140 hour assay 
at pH 1.  It is not surprising that these nanocrystals were colloidally stable in acidic 
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solution, since they were stabilized by cationic charges on their surface.  However 
their degree of chemical stability toward acid was unexpected, and merits further 
study.  This interesting phenomenon may be due to a localized buffering of 
hydronium ions near the nanocrystal surface, thus increasing the local pH.  It has 
already been shown that PEI functions as a proton “sponge,” an effect that has been 
useful in the release of materials from acidic cellular lysosomes.18 
 
5.1.4 Self-Assembly and Nanoparticle Interface Theory. In nonpolar organic solvents, 
substantial coverage of the quantum dot surface by passivating ligands is important for 
maintaining the optical properties of the underlying nanocrystal and for preserving 
colloidal stability.  This effect is exemplified by nonsolvent precipitations of quantum dots 
from solution, which leaches ligands off of the quantum dot surface, effectively 
decreasing quantum yield and decreasing solubility in nonpolar solvents.11,26  Likewise in 
aqueous solution, complete surface coverage of the inorganic nanocrystal by organic 
molecules is crucial for stability.  For example, during phase transfer of ODA-coated 
quantum dots to water via ligand exchange with MPA, if ligand exchange is incomplete, 
residual ODA can destabilize the aqueous dispersion.  For this reason, this exchange 
process was allowed to occur over the course of several days.  Alternatively, elevated 
temperatures can be used to push ligand exchange to completion.    
 
Complete surface coverage is not only important for colloidal stabilization and to 
prevent aggregation, but it is also crucial for protecting the underlying semiconductor 
material.  Without a diffusion barrier to oxygen and other etching agents, quantum 
dots can quickly degrade.  Through optimization of the density and thickness of an 
organic shell, quantum dots optical properties can be greatly enhanced.  Peng and 
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coworkers demonstrated that hydrophilic thiol-coated CdSe nanocrystals are 
significantly more resistant to photooxidation when the organic ligand is longer, 
presumably due to a greater diffusion barrier to oxygen.7  Likewise, even if the 
organic coating is thick, instability may arise if it forms an incomplete, or porous, 
interface.  This may explain the relative instability of amphipol-coated quantum dots 
compared to lipid-PEG quantum dots.  Both encapsulations were performed under 
nearly identical conditions, and after PEG-modification of the amphipol, both 
quantum dot types should be chemically and colloidally similar, with ODA ligands 
encapsulated in 12-carbon saturated alkyl chains, surrounded by 2000 MW mPEG 
for steric stabilization in solution.  Indeed these quantum dots were very similar in 
zeta potential and dynamic light scattering measurements, yet the nanocrystals that 
were originally encapsulated in the amphipol were substantially less stable toward 
soluble etching agents.  This may be due to the presence of an incomplete or 
irregular interface on the surface of the quantum dot due to the bulky size of this 
graft-like polymer.  Lipids with only two alkyl chains can more easily fill in small gaps 
in the hydrophilic bilayer during self-assembly, forming a complete monolayer, 
whereas small gaps between larger polymer chains (~25 alkyl chains per polymer 
chain for the amphipol) will likely go unfilled due to the lack of a sterically suitable 
surfactant.   
 
It is possible that these pores for small molecules may be sealed with cross-linking 
molecules, which has previously been shown to enhance the stability of colloids.  
Cross-linked hydrophilic thiols on the surface of quantum dots27 and cross-linked 
dendron-encapsulated quantum dots19 were significantly more stable compared to 
their non-cross-linked counterparts.  Also coating quantum dots with inorganic, 
amorphous silica has been shown to generate highly stable quantum dots, partially 
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due to the high degree of surface cross-links.28-31  It is important to note that for 
biological applications, protection of the quantum dot surface is not only important for 
probe stability, but it is also vital to prevent leakage of cytotoxic semiconductor 
materials from the inorganic core.32 
 
5.1.5 Selection of Surface Coatings for Specific Applications.  In this section, it was 
demonstrated  that the optical and colloidal properties of semiconductor quantum dots 
can be widely tuned by varying the surface properties of the organic coating on the 
nanoparticle.  Although none of these encapsulation strategies will likely to be 
universally optimal for all biological applications, general trends are evident that should 
inform the use of quantum dot surface coatings for specific biomedical applications.  For 
applications that require the minimization of hydrodynamic radius (e.g. energy transfer 
studies), hydrophilic ligands may be the most useful, even if the resulting particles are 
significantly less stable than those encapsulated in amphiphilic polymers.  Experiments 
relying on sustained fluorescence in the presence of oxidizing agents (e.g. peroxosomal 
staining in living cells) may require quantum dots protected with a hydrophobic bilayer.  
Assays stability under acidic conditions (e.g. lysosomal staining) may be best suited for 
quantum dots coated with cationic PEI or neutral PEG.   
 
5.2 Quantum Dot Size Minimization 
In Section 5.1, it was demonstrated that the stability of hydrophilic quantum dots toward 
oxidation is directly related to the thickness of the organic shell.  That is, quantum dots 
coated in a polymeric micelle were significantly more stable against photooxidation and 
chemical oxidation than those coated with small ligands or multidentate ligands.  This 
finding is logical from the perspective of diffusion rates of soluble etchants across a 
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sterically hindered interface.  However, this finding is highly undesirable for applications 
in biology and medicine, which often require the use of small probes with strong 
chemical- and photo-stability.  Recent reports have highlighted the unique applications of 
such small-sized quantum dots, which can extravasate from blood vessels (< ~9 nm 
diameter),33 filter from the bloodstream through the kidneys (≤ 5.5 nm diameter),34 
translocate to cellular nuclei (≤ ~3.0 nm),35,36 and efficiently accept or donate both 
energy and charge.37-40  These applications have driven considerable effort to address 
this problem, especially with the use of functionalized dihydrolipoic acid,41,42 
dithiocarbamates,43 and cross-linked ligand coatings.19,44 However, these size-reduced 
quantum dots have found only limited utility in live cell and in vivo applications, either 
because of their insufficient fluorescence, lack of stability, or because their 
hydrodynamic sizes are still larger than 10 nm.  
 
Here we report a rational strategy for engineering the hydrodynamic size and stability of 
quantum dots.  This problem is approached from both the limit of highly stable but large 
micelle-encapsulated quantum dots and from the limit of small but highly unstable 
ligand-coated quantum dots.  First, the hydrodynamic size of quantum dots coated in 
stable micelles was minimized.  Second, the stability of quantum dots coated with small 
hydrophilic ligands was optimized.  From these studies, it was found that the optimum 
compromise between stability and size can be reached with the use of multivalent 
ligands, allowing a shell thickness as small as 1.5-2 nm. 
 
5.2.1. Size Minimization of Quantum Dot Micelles.  From the previous studies on 
stability of (CdSe)CdS/ZnS quantum dots toward chemical oxidation and photooxidation 
(Figures 5.9 and 5.11), it was found that the stability of micelle-encapsulated quantum 
dots was greatest for lipid-PEG encapsulation.  The small di-alkane chains of the lipids 
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can efficiently intercalate with the alkane chains on the surface of the hydrophobic 
quantum dots to produce a dense polymeric shell, impermeable toward dissolved 
etchants.  Thereby, these polymers are the most reasonable starting point for minimizing 
the size of quantum dot micelles.  The lipids and polymers used in this process are 




Figure 5.17: Structure of lipids and polymers used for size minimization of 




The first parameters optimized for lipid encapsulation of 6.5 nm (CdSe)CdS/ZnS 
quantum dots were the chain-lengths of PEG on the lipids and the degree of dilution of 
these nonpolar lipids with small molecular weight lipids (DPPC).  The quantum dots 
coated with 100% lipid-PEG-2000 were hydrodynamically ~30 nm in water (Table 5.1).  
Significantly smaller micelles were produced when 80% (molar amount) of these lipids 
were replaced with molecular cationic DPPC lipids (Figure 5.18), yielding a 
hydrodynamic diameter of ~26 nm.  This decrease in size is likely a consequence of the 
PEG chains altering their conformation on the particle surface, becoming more 
mushroom-like with the lower surface density of PEG chains, rather than behaving as 
upright brush-like polymers on the surface.45,46  Reducing the quantity of lipid-PEG below 
20% resulted in significant destabilization of the micelles toward ultracentrifugation.  The 
length of the PEG chain could be reduced to as small as 350 Da without significantly 
decreasing the colloidal stability of the particles, resulting in nanoparticles as small as 
15-16 nm diameter (Figure 5.18). 
 
 
Figure 5.18: Dynamic light scattering of aqueous quantum dots coated in 20% 




The two approaches of diluting the surface density of PEG and decreasing the lipid 
molecular weight on the micelle-encapsulated quantum dots were then combined to 
produce a size-minimized quantum dot micelle.  However dilution of the lipid-PEG-350 
with DPPC resulted in significant destabilization of the resulting micelles, possibly due to 
interaction of the amine groups of DPPC with the nanocrystal surface and the poor water 
solubility of this lipid.  Nevertheless, lipid-PEG-350 could be diluted up to 70% with a 
lipid-glycerol analogue (DPPG) with a slight negative charge (Figure 5.17).  However this 
dilution only marginally decreased the overall hydrodynamic size of the quantum dots 
(Figure 5.19).  An attempt was made to decrease the size of the hydrophobic layers by 
using octylamine ligands on the quantum dot surface, which would decrease the length 
of the nonpolar alkyl chains from 18 to 8.  However, the size of the resulting micelles 
was essentially unchanged (data not shown), suggesting that the size of lipid-
encapsulated quantum dots is mostly dictated by the lipid, and not the underlying 
hydrophobic nanocrystal.  Accordingly, lipids containing shorter hydrophobic domains 
were tested for encapsulation of quantum dots, but chain lengths shorter than 12 carbon 
units resulted in widespread destabilization of the colloids in water.  
 
Figure 5.19: Dynamic light scattering of quantum dots coated in 30% lipid-PEG-
350 + 70% DPPG. 
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Optimization of the lipid coating for size minimization of quantum dots resulted in a 
hydrodynamic diameter as small as ~14 nm in water, which corresponds to a 3.75 nm 
shell thickness.   Although lipids were found to be the most stable of the micellar 
coatings for quantum dot protection, the self-assembly process for these micelles in 
water is less efficient than those with amphipol ligands, which have multiple hydrophobic 
and hydrophilic domains that allow multiple stable attachment points to the nanocrystal 
surface.  Thereby, it may be possible to also optimize these coatings for minimized size. 
As the hydrophilic domains of these polymers are already size-optimized, containing just 
a thin shell of carboxylate functional groups, the only region to optimize is the 
hydrophobic domain.  To this end, quantum dots were coated with a mixture of 
octylamine and trioctylphosphine ligands, and then coated with 40% octylamine-modified 
polyacrylic acid (Figure 5.17).  The hydrophobic bilayer on these quantum dots is thus 
composed of interdigitated alkane chains of 8-carbon lengths, which is predicted to be 
significantly smaller for these than those from the previous optimization, which 
implemented 14-18 carbon units.  The resulting aqueous quantum dots were significantly 
smaller than those with larger hydrophobic domains, and also maintained their uniformity 
in size (compare Figure 5.20 with Figure 5.6).  The final size for these nanocrystals was 





Figure 5.20: Dynamic light scattering data for 6.5 nm quantum dots with 8-carbon 
ligands, coated with octylamine-modified polyacrylic acid. 
 
 
5.2.2. Size Minimization of Quantum Dots using Multivalent Ligands.  It is evident 
from the preceding section that in order to produce small quantum dots (<10 nm), it will 
be necessary to eliminate the surrounding hydrophobic bilayer.  The minimum stable 
coating thickness in such a micellar structure is 3.25 nm, resulting in a 6.5 nm increase 
in hydrodynamic size over the size of the inorganic core.  Although the hydrophobic 
bilayer is the origin of the ultrastability of micelle-encapsulated quantum dots (section 
5.1), it is feasible that this bilayer assembly can be eliminated with a stable polymeric 
backbone that attaches directly to the quantum dot surface (Figure 5.21).  Herein a new 
strategy is introduced to minimize the hydrodynamic size of quantum dots based on the 
use of multifunctional and multidentate polymer ligands.  A significant finding is that a 
mixed composition of thiol (-SH) and amine (-NH2) coordinating groups grafted to a 
linear polymer chain can lead to a highly compact quantum dot with long-term colloidal 
stability, a strong resistance to photobleaching, and high fluorescence quantum yield.  In 
contrast to the standing brush-like conformations of PEGylated ligands and monovalent 
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thiols, these multidentate polymer ligands can wrap around the nanocrystal in a closed 
“flat” conformation. This structure is highly stable from a thermodynamic perspective, 
and is thus responsible for the excellent colloidal and optical properties observed.  This 
technology is developed for coating CdTe nanocrystals, but the methodology herein is 
widely applicable across a broad range of materials.1  This new class of coating yields 
bright and stable quantum dots with small hydrodynamic sizes between 5.6 nm to 9.7 
nm, with fluorescence emission tunable from the visible (515 nm) to the near infrared 




Figure 5.21: Basis for the size minimization process.  The hydrophobic bilayer 
surrounding quantum dots in traditional amphiphilic polymer encapsulation strategies 
(left) is supplanted with a single layer of a multidentate polymer ligand.  This 
multidentate polymer effectively fuses the hydrophobic quantum dot ligands (red) directly 
to the hydrophilic coating surface (blue), eliminating the hydrophobic bilayer.  
 
                                                     
1 CdTe was chosen for this study due to its well developed synthetic chemistry, its wide 
range of biologically useful emission spectra (~500-730 nm), and because its propensity 
to oxidize provides an opportunity for improvement in stabilization.  Importantly, very 
small colloidal quantum dots can be similarly prepared with a variety of compositions 
(CdS, CdSe, CdTe, ZnSe, PbS, InP, InAs).  However these nanocrystals must be coated 
with an inorganic insulating shell prior to phase transfer, due to the quenching effect of 
thiolate ligands.  CdTe has the distinct advantage of bright fluorescence when stabilized 
with hydrophilic thiols, without the need for an inorganic shell that would yield an 




5.2.2.1 Methods for Polymer Synthesis and Quantum Dot Coating. Figure 5.22 depicts 
the synthesis of a linear multidentate polymer ligand.   Roughly 35% of the carboxylic 
acids of polyacrylic acid (PAA, MW ~1800) were covalently modified with cysteamine 
and N-Fmoc-ethylenediamine using diisopropylcarbodiimide (DIC) and N-
hydroxysuccinimide (NHS).  After deprotection of the amine with piperidine and 
purification, each polymer molecule contained approximately 3.5 active thiols and 3.0 
active amines, as determined via Ellman‟s reagent and fluorescamine assays. For 
coating quantum dots, this balanced composition of amines and thiols was found to 
provide superior monodispersity, photostability, and fluorescence quantum yield 
compared to either amines or thiols alone.  Further studies are still needed to 
understand the underlying mechanisms for this effect.  The CdTe quantum dots were 
prepared in a high temperature organic solvent using hydrophobic ligands (e.g. 
alkylamines, see Chapter 3), and it was necessary to first exchange the native ligands 
with hydrophilic thioglycerol due to the insolubility of the polymer in nonpolar solvents.  
These polar monovalent ligands were then replaced with the multidentate ligand.   
 
Figure 5.22: Synthesis of multidentate thiolated, aminated polyacrylic acid.  The 





5.2.2.1.1 Polymer Synthesis.  PAA (1 g, 13.9 mmol carboxylic acids) was mixed with 25 
mL DMSO in a 150 mL three-necked flask.  After stirring for 24 hours at 35°C, freshly 
prepared anhydrous solutions of cysteamine (187 mg, 2.43 mmol) and Fmoc-
ethylenediamine (686 mg, 2.43 mmol), each dissolved in 6 mL DMSO, were added.  The 
solution was protected from light and bubbled with argon for 30 minutes at 35°C.  After 
the addition of an anhydrous solution of NHS (1.12 mg, 9.71 mmol) in 6 mL DMSO, DIC 
(736 mg, 5.83 mmol) was slowly added over the course of 40 minutes during vigorous 
stirring.  Bubbling was continued for 30 minutes, and then the reaction was allowed to 
proceed for 7 days at 40°C in the dark.  Piperidine (18 mL) was then added, and the 
solution was stirred for four hours to deprotect the primary amines.  -Mercaptoethanol 
(501 mg, 6.41 mmol) was added to quench the reaction, and the solution was stirred for 
2 hours at 40°C, then cooled to room temperature and filtered.   The mixture was 
condensed to ~4 mL at 45°C under vacuum (~40 Pa), and the polymer was precipitated 
with the addition of a 2:1 mixture of ice-cold acetone:chloroform, and isolated via 
centrifugation.  The polymer was dissolved in ~5 mL anhydrous dimethylformamide, 
filtered, and precipitated again with acetone-chloroform.  This process was repeated 
three times, and the polymer was finally washed with acetone, dried under vacuum, and 
stored under argon.  This modified polymer was a white powder, soluble in water, 
DMSO, dimethylformamide, or methanol, but insoluble in acetone, unlike PAA.  If stored 
under air, this polymer darkened and became yellow-brown over the course of a few 
weeks, and also became increasingly difficult to dissolve in various solvents.  This aging 
process coincided with a significant decrease in the number of active thiols per polymer, 
determined as described below, and is therefore likely due to the formation of 




5.2.2.1.2 Determination of Reactive Amines and Thiols. The modified polymer was 
assayed for reactive amines and thiols using fluorescamine and 5,5′-dithiobis(2-
nitrobenzoic acid) (Ellman‟s reagent), respectively.  For amine determination, a 10 
mg/mL solution of fluorescamine in DMSO was freshly prepared, and glycine standards 
(100 nM – 1 mM) were prepared in deionized water.  The assay was initiated by mixing 
411.3 μL water, 50 μL sample or standard, 25 μL of 1 M sodium borate buffer (pH 8.5), 
and 13.7 μL fluorescamine solution.  After 20 minutes of reaction in the dark, the 
fluorescence intensity at 470 nm, with 380 nm excitation, was measured.  The polymer 
was assayed immediately after dissolution at 10 μg/mL in 20 mM sodium hydroxide. For 
thiol determination, a 2 mM stock solution of Ellman‟s reagent in 50 mM sodium acetate 
buffer (pH 4.7), and L-cysteine standards (10 μM – 100 mM) in deionized water were 
freshly prepared at 4°C.  The assay was initiated by mixing 850 μL water, 10 μL sample 
or standard, 100 μL of 1 M Tris buffer (pH 8.5), and 50 μL Ellman‟s reagent solution.  
After 10 minutes of reaction, the optical density at 412 nm was measured.  The polymer 
was assayed immediately after dissolution in 20 mM sodium hydroxide at 500 μg/mL.  
Standard curves allowed the determination of the molar amount of thiol or amine per 
gram of polymer.  These values were converted to moles of functional group per polymer 
chain using the molecular weight of the modified polymer (~2200 Da), determined via gel 
filtration chromatography, which correlated strongly with theoretical calculations. 
5.2.2.1.3 Ligand Exchange with Thioglycerol. Purified CdTe quantum dots (2.5 nm) in 
chloroform (7 mL, ~150 μM) were added to a three-necked flask connected to a Schlenk 
line.  Under intense stirring, neat 1-thioglycerol was added dropwise until the first visible 
sign of flocculation.  Then 4 mL of DMSO was added dropwise.  An excess of 1-
thioglycerol (3 mL) was then added, and chloroform was removed under vacuum at 
25°C.  After stirring for an additional 2 hours at 25°C under argon, the quantum dots 
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were precipitated with the addition of an ice-cold mixture of acetone:chloroform (1:1, 193 
mL total).  Following centrifugation, the pellet was washed with acetone and dried under 
vacuum.  It was noted that the fluorescence maximum and the first exciton peak blue-
shifted if this ligand exchange procedure was performed in the presence of air and a 
large excess of 1-thiglycerol.  The extent of blue-shifting was found to be time dependent 
(Figure 5.22) and was substantially reduced when the reaction was performed under 
inert gas.  This blue-shift was deemed to be the result of controlled oxidative etching of 
the quantum dots, rather than alternative mechanisms (e.g. formation of a CdTexS1-x 
alloy or core-shell structure) for several reasons. (1) This hypsochromic shift was 
strongly correlated with a substantial decrease in the extinction coefficient of the first 
exciton peak (Figure 5.23). In fact, after ~2 days of reaction, there was essentially no 
absorption at wavelengths greater than 320 nm, likely due to complete dissolution of the 
quantum dots.  Because this etching process was uniform, the quantum dots maintained 
a discrete first exciton peak, allowing exact calculation of extinction coefficients of 
ultrasmall quantum dots with the reasonable assumption that the total number of 
quantum dots remained fixed.  (2) This blue-shift of the optical spectra was associated 
with a decrease in photoluminescence efficiency, an increase in Stokes shift, and an 
increase in deep trap emission (Figure 5.22), common features of ultrasmall quantum 
dots (< ~ 2nm) (3) Small quantum dots (2.5 nm) at high concentration could easily be 
detected via TEM and DLS, but after a substantial blue-shift, neither of these techniques 
revealed the presence of nanoparticles. This suggests that the resulting nanoparticles 
were below the size limit for TEM contrast, and that their scattering intensity was 
reduced below their detection limit via DLS.  (4) Finally, elemental analysis (inductively 
coupled plasma – mass spectrometry) of the quantum dot supernatant after precipitation 
revealed the presence of both free cadmium and tellurium only after extended etching 




Figure 5.23: Ligand-induced etching of CdTe nanocrystals.  Absorption spectra (A) 
and fluorescence spectra (B) show a blue-shift over time.  
 
 
5.2.2.1.4 Coating with the Multidentate Polymer Ligand. Two techniques were employed 
to coat 1-thioglycerol quantum dots with the modified polymer.  In the first method, CdTe 
quantum dots were suspended in basic water (50 mM sodium hydroxide), centrifuged at 
7000g for 10 minutes, and then filtered to remove aggregated nanocrystals.  Various 
amounts of polymer dissolved in basic water were added to the quantum dots, which 
were then gently mixed.  In the second method, quantum dots coated with 1-thioglycerol 
were suspended in DMSO and centrifuged at 7000g for 10 minutes to remove possible 
nanocrystal aggregates.  The nanocrystals were diluted to ~5-20 μM for smaller sizes 
(2.5-3.5 nm), or ~2-5 μM for larger nanocrystals.  The nanocrystal solution was then 
degassed extensively at room temperature and charged with argon.  An anhydrous 
DMSO solution of the polymer (~5 mg/mL) was added under vigorous stirring.  The 
solution was then heated to 60°C for 90 minutes for smaller quantum dots (2.5-3.5 nm), 
or 70-75°C for 120 minutes for larger nanocrystals.  In the absence of the polymer, the 
nanocrystals aggregated and precipitated from solution during heating.  Indeed, the 
multidentate polymer greatly enhanced the thermal stability of these nanocrystals, as 
there was no evidence of Ostwald ripening of 2.5 nm cores up to ~130°C.  After cooling 
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the quantum dots to room temperature, ice-cold aqueous sodium hydroxide (50 mM, 
twice the volume of DMSO) was slowly added, and the solution was stirred for 2 hours.  
The quantum dots were then extensively dialyzed against basic water for 2-3 days using 
25 kDa molecular weight cutoff dialysis tubing (Spectra/Por).  Figure 5.24 depicts the 
optical properties of these quantum dots and their hydrodynamic sizes at the different 
stages of this coating procedure.   
 
Figure 5.24: Absorption (A), photoluminescence (B), and dynamic light scattering 
spectra (C) of 2.5 nm CdTe quantum dots in chloroform, DMSO after ligand 
exchange with 1-thioglycerol, and in water after coating with the multidentate 
polymer.  Note that a small amount of deep trap emission arises upon coating with 1-
thioglycerol, and remains after exchange with the polymer.  Photoluminescence spectra 





5.2.2.1.5 Calculation of Molar Capping Ratio. The amount of polymer added per 
quantum dot was standardized with respect to the number of surface atoms on the 
quantum dot.  This relationship was used in order to shed light on the mechanism of 
interaction between the quantum dots and the polymer, and to simplify the extrapolation 
of the polymer coating procedure to other nanocrystalline materials, without the need for 
extensive optimization.   The molar capping ratio (MCR) was reported as the number of 
thiol and amine groups per surface atom.  Therefore 
 MCR = 
nSH+nNH2
nCd+nTe
 Equation 5.2 
where nSH and nNH2 are the numbers of thiols and amines on the polymer ligand, 
respectively, and nCd and nTe are the number of cadmium and tellurium surface atoms on 
the quantum dot surfaces.  For example, a 2.5 nm CdTe quantum dot has ~95 total 
surface atoms (the calculation of the number of surface atoms per quantum dot is 
described below), and one polymer chain contains roughly 6.5 basic groups (3.5 thiols 
and 3.0 amines).  Therefore, the optimal capping ratio (OCR) value of 1.5x denotes the 
addition of ~22 polymer chains per quantum dot, or roughly 48 mg of polymer per μmol 
of quantum dot.  Indeed, this is a very small amount of polymer for such a large number 
of quantum dots.  With elevated temperature this reaction is highly efficient, as nearly all 
of the polymer binds to the quantum dots (no detectable free amines were found in the 
dialysate during purification).   
 
5.2.2.1.6 Calculation of Surface Atoms per Nanocrystal. Determination of surface atom 
density on nanocrystals can be difficult, and imprecise, especially for very small particles 
that cannot be easily characterized microscopically.  Nevertheless, reasonable accuracy 
can be obtained by using theoretical calculations informed by empirical data.  In this 
work, the CdTe nanocrystals that were prepared (2.5-6 nm diameter) were found to be in 
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the zinc blende crystal structure (see Chapter 4), allowing the use of the bulk density 
and interplanar distances of zinc blende CdTe in these calculations.  It is likely that a 
variety of crystalline facets are exposed on individual nanocrystals, each with a range of 
planar densities of atoms.  It is also likely that there is a distribution of different facets 
exposed across an assembly of nanocrystals.  Therefore one may obtain an effective 
average number of surface atoms per nanocrystal by averaging the surface densities of 
commonly exposed facets in zinc blende nanocrystals over the calculated surface area 
of the nanocrystal.  In this work we chose to use the commonly observed (111), (100), 
and (110) zinc blende planes, which are representative of the lattice structure, with both 
polar and nonpolar surfaces.  For this calculation, we defined a surface atom as an atom 
(either Cd2+ or Te2-) located on a nanocrystal facet with one or more unpassivated 
orbitals.  Some facets, such as Cd2+-terminated {111} faces, have closely underlying Te2- 
atoms that are less than 1 Å beneath the surface plane.  These atoms reside in the voids 
between Cd2+ atoms, and thus are likely to be sterically accessible from the surface, but 
because they are completely passivated, they were not included in this definition.  
 
First we calculated the average distance between parallel planes of atoms for zinc 
blende CdTe (Table 5.2).  This average interplanar distance, d, is therefore the distance 
between the plane of surface atoms and the next underlying plane of atoms.  In the [100] 
and [110] directions, all adjacent planes are equidistant, whereas this distance varies 
between neighboring planes in the [111] direction, and thus we calculated an “average” 
interplanar distance.  We also calculated the planar density of atoms on each facet, 





Table 5.2: Characteristics of three lattice planes of the zinc blende CdTe crystal 
structure.   
 
Lattice plane d (nm)a Polarity DSA (atoms nm
-2)b B / Ac 
(111) 0.187 Polar 5.50 1 
(100) 0.162 Polar 4.76 2 
(110) 0.229 Nonpolar 6.73 1 
 
[a] d is the average interplanar distance. 
[b] DSA is the atomic density on the specified lattice facet. 
[c] B / SA is the number of bonds per surface atom. 
 
 
Next we calculated the effective volume of surface atoms within each quantum dot.  We 
assumed a spherical geometry, and used the interplanar distance d as the thickness of 
one monolayer of surface atoms in each nanocrystal.  In this calculation, the surface 
volume was used, rather than the surface area, in order to yield a more realistic 
determination of surface atoms in very small nanocrystals (< 2 nm).  For these high 
surface area nanocrystals, use of the surface area generally resulted in a surface atom 






  Equation 5.3 
where VSA is the volume of surface atoms per quantum dot, r is the nanocrystal radius, 
and d is the average interplanar distance from Table 5.1. 
 
It was assumed that this spherical shell of surface atoms was the same density as bulk 
zinc blende CdTe, and therefore the number of surface atoms per nanocrystal could be 
calculate as 
 nSA = 2
VSA×DCdTe×NA
MWCdTe
 Equation 5.4 
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where nSA is the number of surface atoms per nanocrystal, DCdTe is the bulk density of 
zinc blende CdTe (5.85 g cm-3), NA is Avogadro‟s number, MW is the molecular weight of 
CdTe, and 2 is a factor accounting for 2 atoms per molecule of CdTe.  Table 5.3 displays 
the calculated number of surface atoms on a single, spherical CdTe quantum dot  that is 
hypothetically terminated solely by {111}, {100}, or {110} planes for various nanocrystal 
sizes.  These values may be averaged, depending on available empirical information.  
For instance, HRTEM analysis of some of our larger CdTe nanocrystal samples revealed 
that the {110} planes were frequently parallel to the TEM grid.  Therefore it is likely that 
these nanocrystals were faceted along this plane, allowing them to adopt this orientation 
on their substrate during solvent evaporation.23  In this case, more weight can be given 
to these facets in the averaging calculation.  For these calculations, we could obtain very 
little structural information about these very small nanocrystals, and therefore we simply 
averaged these three representative values together. 
 
Table 5.3: Total number of atoms and total number of surface atoms in various 
sizes of CdTe nanocrystals. 
 
dQD (nm) Atoms / QD 
SA / QD, 
(111) 
SA / QD, 
(100) 
SA / QD, 
(110) 
SA / QD, 
Average 
2.5 240 92.6 81.9 109 94.6 
3 415 137 121 163 140 
4 984 251 220 301 258 
6 3322 584 510 705 599 
 
Note: The surface atom (SA) count is listed for each surface facet of interest, as well as 






Several methods have been reported in the literature to determine the number of surface 
atoms on nanocrystals without the use of complex energy-minimization 
computations.47,48  We compared several different calculation methods based on a 
quasi-spherical particles, as well as methods we developed to predict the number of 
surface atoms on different polyhedral shapes with various lattice facets.  For all of these 
methods, we obtained strongly correlated results.  A substantial difference (greater than 
15%) was only observed in comparison with empirically unrealistic shapes with 8 sides 
or less (cubes or tetrahedrons). The specific method used for this work was chosen for 
its simplicity and its ease of quickly incorporating empirical knowledge of known facets.   
 
We note two factors that could yield errors in this calculation and complicate the 
interpretation of the MCR value, with respect to the interaction between the nanocrystal 
surface atoms and the multidentate ligand.  (1) Nanocrystals of various sizes have been 
theoretically and experimentally shown to have reconstructed surface atoms that may 
minimize the total energy of the crystal.49-52  Because of the very high fraction of atoms 
that reside on the surfaces of the small nanocrystals used in this study (~39% for 2.5 nm 
quantum dots), surface reconstruction is likely. (2) Many lattice directions, such as the 
(100) direction, are terminated by atoms with two unpassivated orbitals, which could 
theoretically bind to two ligands.  Atoms with more than one exposed binding site are 
even more likely to be present on the smallest quantum dots, which have such highly 
curved surfaces that a surface „facet‟ may not even be an appropriate term for their 
description. 
 
5.2.2.2 Compact Assembly of Multidentate Ligands on Quantum Dots.  Figure 5.25 
depicts the methods used to encapsulate CdTe quantum dots in the multidentate 
polymeric ligand.  Because the PAA-based polymer was highly hydrophilic, there was no 
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way to efficiently coat hydrophobic quantum dots unless the native nonpolar ligands 
were first displaced with a polar ligand (thioglycerol).  This allowed the dissolution of the 
quantum dots in a polar solvent, in which thioglycerol could be replaced with the tightly 
binding multidentate ligand.  Performing this process in water, however, resulted in large 
nanocrystals with extensive aggregation, likely due to crosslinking of the quantum dots 
through the multidentate ligand (Figure 5.26).  Instead, it was found that robust, 
compactly coated quantum dots could only be produced after heating (60-70°C) for 1-2 
hours in an aprotic solvent (DMSO) under inert conditions (Figure 5.25).  This 
observation is in accord with the „loops, trains, and trails‟ model of polymer surface 
adsorption.53-55  Although it is thermodynamically favorable for the linear polymer to 
maximize its adsorption (train domains), self-assembly of this highly ordered structure 
does not readily occur at room temperature .  The kinetics for the closure of loops and 




Figure 5.25: Methods used for self-assembly of the multidentate ligand on the 




Figure 5.26: Comparison of gel filtration chromatograms2 of 6.0 nm CdTe quantum 
dots coated with the multidentate polymer, using the aqueous method and the 
aprotic solvent method of Figure 5.25.  The MCR value was 0.75.  The quantum dots 
coated in DMSO were purified extensively prior to testing and demonstrated a highly 
narrow size distribution.  The quantum dots coated in water were tested 3 weeks after 




Figure 5.27 compares the optical properties and hydrodynamic sizes of CdTe quantum 
dots (2.5 nm) coated with a traditional amphiphilic polymer (octylamine-modified 
polyacrylic acid) or the mixed thiol/amine multidentate ligand.  Although the amphiphilic 
polymer and the multidentate ligand were prepared from the same molecular-weight 
polyacrylic acid backbone, the quantum dots coated with the multidentate ligand are 
considerably smaller in size and also much brighter in fluorescence.  Dynamic light 
scattering measurements show that the multidentate polymer coating is only 1.5-2 nm in 
thickness, and a lack of aggregation is verified via TEM (Figure 5.28).  This compact 
shell matches the geometric predictions of a polymer conformation with a high degree of 
                                                     




adsorption on the quantum dot surface, enabled by its high affinity and low molecular 
weight. In comparison, the coating thicknesses are on the order of 4-7 nm for 
amphiphilic polymers and even some monovalent molecular ligands.56,57 It is also worth 
noting that the CdTe quantum dot is not protected with an electronically insulating 
inorganic shell (e.g. ZnS or CdS) and its fluorescence is retained with the multidentate 
polymer, but nearly completely quenched by the amphiphilic polymer.   
 
 
Figure 5.27: Comparison of optical and hydrodynamic properties of CdTe 
quantum dots (2.5 nm) solubilized in water with an amphiphilic polymer (octylamine-
modified polyacrylic acid) or a multidentate polymer ligand.  (A) Absorption (blue curves) 
and fluorescence emission (red curves) spectra of CdTe quantum dots with amphiphilic 
polymer (top) or multidentate polymer (bottom) coatings.  (B) Dynamic light scattering 
size data of quantum dots with amphiphilic polymer (blue curve) and multidentate 
polymer (green curve) coatings. PL = photoluminescence, AU = arbitrary units.  All 





Figure 5.28: TEM of 2.5 nm CdTe quantum dots coated with the multidentate 
polymer in water. 
 
 
5.2.3 Molar Capping Ratio.  As shown in Figure 5.29, the fluorescence quantum yield, 
monodispersity and photostability of these polymer-coated quantum dots are strongly 
dependent on the molar capping ratio (MCR), which is calculated by dividing the sum of 
basic groups (amine or thiol) on the polymer by the sum of cadmium and tellurium atoms 
on the quantum dot surface (Equation 5.2).  When the MCR values are below 1.0, the 
amount of polymer is insufficient to completely coat 2.5-nm CdTe quantum dots, 
resulting in polydisperse nanocrystals.  Polydispersity was quantitatively assessed from 
the polydispersity index (PDI) in gel filtration chromatograms, as shown in Figure 5.30. 
When the MCR values are above 2.0, the excess polymer leads to better monodispersity 
and colloidal stability, but a reduced fluorescence quantum yield.  Between these two 
limits is the optimal capping ratio (OCR) of approximately 1.5 (Figure 5.29A), yielding 
small, monodisperse nanocrystals (PDI < 1.5) with bright fluorescence (~50% quantum 






Figure 5.29: Effects of polymer capping ratios on quantum dot properties.  (A) 
Fluorescence quantum yield (blue curve) and polydispersity index (red curve) of 2.5 nm 
CdTe quantum dots as a function of molar capping ratio.  Polydispersity indices were 
calculated from gel filtration chromatograms, some of which are depicted in Figure 5.30.3 
(B) Photostability data4 at various capping ratios (MCR = 1.5, 1.0, or 0.5) and in the 
absence of polymer (MCR = 0).   
 
                                                     
3 Polydispersity index (PDI) was calculated from chromatograms using conventional 
techniques for polymer characterization, with the formula PDI = Mw / Mn.  The PDI for 
pure protein solutions was typically 1.25-1.35.   
 
4 Photoluminescence stability was measured using a spectrofluorometer from Photon 
Technology International with a xenon lamp excitation source and photomultiplier tube 
detector.  Emission spectra were recorded (400-620 nm) from 200 nM solutions of 
quantum dots with continuous high intensity 390 nm excitation (16 nm excitation 





Figure 5.30: Gel filtration chromatograms of 2.5 nm CdTe quantum dots coated 
with different amounts of the multidentate polymer, in phosphate buffered saline.  
The coating procedure was performed at 60°C in DMSO.  The amount of polymer added 
is indicated by the MCR values on the right.  Note the presence of higher molecular 
weight aggregates (shorter retention times) for MCR values below the optimal capping 
ratio (1.5x).  The 0x nanocrystals were not heated, but instead were dialyzed against 
borate buffer for 30 minutes prior to injection into the column.  All other nanocrystal 
samples were dialyzed for 2 hours. 
 
 
The OCR is dependent on the size of the quantum dot, and its value changes to 1.0 for 
3.0 nm cores, and to 0.5 for 4.0 nm cores.  This trend is indicative of the size-dependent 
differences in nanocrystal surface curvature, the intrinsic degree of flexibility of the 
polymer, and the increasing availability of more than one free orbital per surface atom 
with decreasing nanocrystal size, as discussed further in Section 5.2.2.1.6.  The OCR 
can be semi-quantitatively determined using the aqueous ligand coating procedure 
(Figure 5.31).  In this method, the multidentate ligand is added to thioglycerol-coated 
quantum dots at room temperature.  Addition of a small excess of polymer above the 
OCR value results in complete precipitation of the nanocrystals from solution, and the 
260 
 
quantum yield dependence on the MCR was found to be similar for the aqueous and 




Figure 5.31: Photographs of 4 nm thioglycerol-stabilized CdTe nanocrystals in 
water, 6 months after addition of various amounts of the polythiol polymer.  Molar 
capping ratios are indicated on the vials, and are, from left to right, 0, 0.1, 0.5, 0.75, 1, 
1.5, and 2.  The OCR is 0.5. 
 
 
5.2.2.4 Minimum Size.  The smallest nanoparticles that could be prepared were 5.5 nm 
in hydrodynamic diameter, encapsulating a 2.5 nm core.  This 2.5 nm core size is also 
the smallest size that can be reliably prepared using the coordinating solvent synthesis 
described herein.  In order to prepare smaller nanocrystals, these particles were 
oxidatively etched in a slow, controlled process (Figure 5.23) to yield monodisperse 
nanocrystals with a diameter of 1-2 nm.  However, after coating with the multidentate 
polymer, these nanocrystals were actually larger in size (Figure 5.32), with a diameter of 
6-6.5 nm, which is incidentally similar to the length of the fully outstretched polymer (~6.3 
nm).   We attribute this interesting effect to the extremely high surface curvature of these 
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nanocrystals, which is not conducive to multivalent interactions with a linear polymer.  
Although cores smaller than 2.5 nm were colloidally stable after coating with the 
polymer, they were found to have significant deep trap emission, and were prone to 




Figure 5.32: Gel filtration chromatograms of CdTe quantum dots (2.5 nm) that 
were etched (Section 5.2.2.1.3) in DMSO and coated with the multidentate ligand.  
With etching, the nanocrystals shrink in crystalline size, but after coating with the 
multidentate polymer, a small increase in hydrodynamic diameter is apparent.   
 
 
5.2.2.5 Stability.  The multidentate polymer-coated quantum dots are stable at room 
temperature for more than one year after purification, with no significant changes in gel 
filtration chromatograms.  The quantum yield is retained under these conditions when 
stored in the dark, but gradually decays to ~20% with continual exposure to room light.  
In comparison, purified CdTe quantum dots coated with monovalent ligands generally 
precipitate within 2 days at room temperature, and are even unstable when stored in 
excess ligand.  In addition, CdTe nanocrystals coated in amphiphilic polymers 
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completely oxidize over the course of 1-2 weeks when stored at room temperature.  The 
quantum dots coated with multidentate ligands could undergo dialysis for more than one 
week without deleterious effects, whereas quantum dots coated with monovalent ligands 
generally aggregate within 2-3 hours.  These nanocrystals can also withstand 
ultracentrifugation, and spread evenly on TEM grids when cast from aqueous solutions 
(Figure 5.27), unlike their aggregation-prone counterparts coated in monovalent ligands.  
Indeed this multidentate polymer combines the compact size of the monovalent ligand 
coatings, the antioxidant properties of reduced thiols, and the colloidal stability of 
amphiphilic micellar coatings.   
 
5.2.2.6 Size Comparison with Proteins.  In order to assess the relevance of these new 
quantum dots for bioimaging applications, their hydrodynamic sizes were compared 
directly with proteins.  Figure 5.33 shows a size comparison of gel filtration 
chromatograms of multidentate polymer-coated quantum dots (four emission colors) with 
globular protein standards.  The results demonstrate that the green-emitting quantum 
dots (515 nm) have a hydrodynamic size slightly larger than fluorescent proteins (MW = 
27-30 kDa), while the yellow-emitting quantum dots (562 nm) dots are slightly smaller 
than serum albumin (MW = 66 kDa). Even the near-infrared emitting dots (720 nm) are 




Figure 5.33: (A) Gel filtration chromatograms of multidentate polymer coated CdTe 
quantum dots showing direct size comparison with protein standards ferritin (440 kDa), 
aldolase (158 kDa), ovalbumin (43 kDa), and carbonic anhydrase (29 kDa).  (B) 
Fluorescence emission spectra from the corresponding quantum dots. The quantum dot 
hydrodynamic sizes are 5.6 nm (2.5 nm core, blue), 6.6 nm (3.1 nm core, green), 7.8 nm 
(4.0 nm core, red), and 9.7 nm (6.0 nm core, brown). 
 
 
5.2.2.7 Outlook.  In summary, a low molecular weight, linear polymer containing multiple 
thiols and amines can be used as a tightly binding multidentate ligand to prepare 
ultrastable cadmium telluride quantum dots.  Importantly, this multidentate ligand 
approach results in tremendously enhanced optical stability compared to monovalent 
ligand approaches, and a vastly smaller size compared to traditional micellar 
approaches.  The hydrodynamic thickness of only 1.5-2 nm approaches the theoretical 
minimum value that could be possible with only a molecular monolayer of ligand and 
hydration shell.  These optimizations can be directly applied to a broad range of 
semiconductor materials and core/shell structures (e.g. CdS, ZnSe, CdSe/ZnS, and 
CdTe/CdS). These new quantum dots are a new generation of bright and stable 
nanocrystal probes with hydrodynamic sizes similar to proteins (5.6 nm to 9.7 nm) with 
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tunable fluorescence emission from the visible (515 nm) to the near infrared (720 nm), 
attributes that will be widely valuable for bioimaging applications. The size-minimized 
quantum dots reported here could ultimately allow molecular and cellular optical imaging 
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Amphiphilic Multidentate Ligand Coatings for Amphibious 




The use of multidentate ligands as coatings for nanocrystals has recently been a 
subject of intense interest.1-9  As demonstrated in Chapter 5, multidentate 
coordination can enhance the stability of labile nanocrystals due to binding constants 
that can grow almost exponentially with valency.  Analogously, metal ion chelates are 
significantly more stable than monodentate ligand complexes, and the binding 
interactions between multivalent ligands and cellular receptors are vastly stronger 
than equivalent monovalent interactions.10  The current theoretical understanding of 
these interactions is well developed, yet the extension of these concepts to atomic 
interactions between ligands and crystal surfaces has not yet been explored.  For 
example, in comparison to metal ion chelates, multidentate ligands bind to 
nanocrystals through surfaces of metal ions, with facet dependent geometries.  In 
comparison to ligand-receptor interactions, the interactions between coordinating 
ligands and nanocrystal surfaces occur on a scale that is an order of magnitude 
smaller (Angstroms rather than nanometers), for which fixed binding geometr ies and 
steric hindrance would be expected to be overwhelming factors.   Insight can be 
drawn from the extensive study of the conformation of polymers adsorbed to solid 
substrates,11 yet still there is a dearth of understanding of these interactions at the 
nanoscale, especially with respect to the highly curved surfaces of nanocrystals and 
the role of specific chemistries.  A major limiting factor in the study of such 
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phenomena has been the availability of a suitable experimental system, as the 
assembly of multidentate ligands on nanocrystals is nontrivial (see Chapter 5). 
 
In this chapter it is demonstrated that a wide variety of nanocrystals can be coated 
with amphiphilic multivalent ligands in situ during synthesis.  These nanocrystals 
show tremendous colloidal stability and their thermal stability is also vastly enhanced 
compared to their monovalent ligand counterparts.  This work describes the first use 
of amphiphilic multidentate ligands for nanocrystal synthesis, and reveals two major 
findings.  First, the amphiphilic character of the multidentate ligand causes the 
nanocrystals to behave as amphibious colloids, soluble in nearly any solvent.  
Second, the multidentate coordinating capacity of these ligands induces a unique 
control over nanocrystal assembly.  Both of these attributes are extremely valuable 
from a fundamental perspective, yielding a greater understanding of the multidentate 
nature of binding on small nanocrystals, allowing a means to study controlled 
nanocrystal synthesis, and providing an unmatched capacity to study the solvent-
dependent characteristics of various nanocrystals. In addition, the scope of 
applications for these nanocrystals is immense, showing immediate utility for 
biological labelling, multi-solvent catalysis, and device incorporation. 
 
6.1 Nanocrystal Synthesis Methods 
6.1.1 Amphipol syntheses. The synthesis of hydrophobically modified polyacrylic acid 
(PAA, MW 1773 Da) was based on previously described procedures.12,13  As an 
example, the preparation of 40% octylamine-modified PAA (PAA-OA0.4) is described in 
detail.  PAA (5 g, 69.39 mmol carboxylic acid) was dissolved overnight in 1-methyl-2-
pyrrolidone (MPD, 150 mL) at 50ºC.  A solution of octylamine (3.587 g, 27.75 mmol) in 
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MPD (~15 mL) was slowly added to the PAA solution, which was then vigorously stirred 
for approximately 1 hour at 50ºC.  A solution of N-hydroxysuccinimide (6.389 g, 55.51 
mmol) in MPD (~15 mL) was then added dropwise, and the reaction mixture was 
bubbled with ultrahigh purity argon for 30 minutes.  During bubbling, a solution of N,N’-
dicyclohexylcarbodiimide (6.872 g, 33.31 mmol) in MPD (~15 mL) was added dropwise 
over the course of 20 minutes, and bubbling was continued for an additional 20 minutes.  
The reaction was allowed to proceed for 48 hours under argon flow at 50ºC, during 
which the insoluble dicyclohexylurea reaction byproduct precipitated.  After cooling the 
reaction to 4ºC, the reaction was filtered, and then diluted to 1.5 L with water, and the pH 
was adjusted to ~11 with 12.5 M sodium hydroxide.  The polymer was then precipitated 
by adjusting the pH of the solution to ~3.5 with 5 M HCl, and filtered.  For purification, the 
following procedure was repeated three times.  The polymer was dissolved in basic 
water, filtered, precipitated with acid and collected via filtration.  After the final 
precipitation, the polymer was washed with water and lyophilized to yield a white 
powder.  The polymer was then dissolved in chloroform, filtered, and dried under 
vacuum to yield a yellow solid.  Synthesis of polymers with different modification ratios or 
with different hydrophobic domains was performed by adjusting the reactant ratios and 
the chain lengths of the alkylamines.  For modification at ratios greater than 50%, the 
reaction was generally performed in two sequential steps, and the DCC product was 
removed via filtration prior to performing the second half of the modification.  The 
hydrolysis of poly(maleic anhydride-alt-1-tetradecene) was described in Chapter 5. 
 
6.1.2 General synthesis strategy.  All nanocrystal syntheses were performed using 
standard air-free techniques with a Schlenk line and glove box or bag.  For most 
nanocrystals prepared for this work, a metal salt (metal acetate or acetyacetonate) was 
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added to a 100 mL vial containing amphipols and 8 mL polyethylene glycol (PEG).  
Generally the metal ion concentration was 12.5 mM, and the ratio of amphipol carboxylic 
acids to metal was 3:1 – 20:1, depending on the desired nanocrystal size (higher 
concentrations yielded smaller nanocrystal sizes).  The mixture was then degassed 
thoroughly at room temperature during heavy stirring, and then heated to 70C under 
vacuum for an additional hour.  Evacuation was allowed to occur very slowly in order to 
prevent a large amount of sudsing.  The solution was then charged with argon, and 
heated to a temperature at which the metal ion precursor reacted with the amphipol to 
form a stable chelate.  Then additional reactants were added and the solution was 
heated to the reaction temperature.   
Swift injections of precursors was not required to achieve monodisperse nanocrystals.  
Samples were obtained from the reaction by removing small aliquots, which were diluted 
in various solvents while the reaction mixture was still warm.  Different PEG molecular 
weights resulted in similar nanocrystals size and monodispersity, although high 
molecular weights (>2000 Da) were avoided due to their viscosity and very low 
molecular weights (<250 Da) yielded less efficient micellization.  Temperatures above 
300ºC were avoided, as the reaction solution tended to irreversibly darken.  Metal 
halides were generally incompatible with these reactions.  Metal oxides were compatible, 
but required a much higher temperature to form a complex with the multidentate 
polymer.  All of the amphipol-metal ion complexes were insoluble in water until 
nanocrystal nucleation, allowing a convenient means to qualitatively monitor of the 
progress of the reaction.  Nanocrystals were purified in water using ultracentrifugation, 
size-exclusion chromatography, or dialysis.  In nonpolar solvents, nanocrystals were 
purified by spontaneous precipitation, as described in the text.  These particles may also 
be purified through other various chromatographic or extraction methods. 
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6.1.3 Synthesis of CdTe.  For a typical synthesis of CdTe nanocrystals, cadmium(II) 
acetate hydrate (0.2 mmol), amphipols (1.6 mmol carboxylic acids), and dihydroxy-PEG 
(8 mL, 400 MW) were added to a 50 mL flask and evacuated at room temperature to ~20 
Pa.  Caution should be used when slowly degassing this extremely sudsy mixture to 
prevent contamination of the Schlenk line.  While under vacuum, the temperature was 
slowly ramped to 70ºC, resulting in vigorous bubbling.  After 1 hour of evacuation, the 
solution was clear, with a slight yellow hue.  The reaction was then charged with argon 
and the temperature was raised to 150ºC.  Tributylphosphine-telluride precursor was 
then added, consisting of tellurium (0.1 mmol), tributylphosphine (0.8 mmol), and PEG (4 
mL), and the reaction temperature was increased to 280ºC.  Although it was found that 
these CdTe quantum dots were highly fluorescent, in some solvents the emission 
quenched when exposed to both oxygen and light.  This has been commonly reported 
for CdTe quantum dots,14-16 but can be largely attenuated with the addition of a small 
amount of low molecular weight thiol (e.g. thioglycerol or mercaptoacetic acid) or other 
antioxidant.  For the growth of CdS or CdSe shells, the amount of tellurium injected was 
decreased from 0.1 mmol to 0.06 mmol and aliquots were taken to determine the size 
and concentration of the CdTe cores.  Twenty minutes after the initial injection, 0.06 
mmol of either sulfur or selenium was added dropwise to the reaction, and the reaction 
was allowed to proceed for 2-4 hours at 260ºC. Elemental sulfur dissolved in PEG-500 
(0.05 M), and tributylphosphine-selenide dissolved in PEG-500 (0.05 M) were used as 
reactants. 
 
6.1.4 Synthesis of PbSe.  The synthesis of PbSe nanocrystals was similar to that of 
CdTe nanocrystals, except lead acetate trihydrate was used in the place of cadmium 
acetate hydrate.  Tributylphosphine-selenide was used as the selenium precursor, and 
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the reaction was performed between 200- 265ºC, depending on the concentration of 
amphipol. 
 
6.15 Synthesis of Iron Oxide. Iron(III) acetylacetonate (0.03532 g, 0.1 mmol), 
amphipols (0.3 mmol), 1,2-hexadecanediol (0.35 mmol), dodecylamine (0.3 mmol), and 
dihydroxy-PEG (8 mL) were mixed in a 100 mL flask and evacuated at room 
temperature to ~20 Pa.  The temperature was slowly increased to 130ºC, at which point 
vigorous bubbling began.  The reaction mixture became clear and amber-colored as the 
iron-amphipol complex formed.  The temperature was then raised to 280ºC for 3 hours 
to yield iron oxide nanocrystals.  The presence of amines was found to decrease the 
nucleation temperature and improve size control. 
 
6.16 Synthesis of Metal Nanocrystals.  For the synthesis of metal nanocrystals, 
dihydroxy PEG allowed the reduction of metals salts in the absence of an additional 
reducing agent, possibly due to similar mechanisms as polyol syntheses of metal 
nanocrystals.17  For these nanocrystals, the reactions were similar to those described in 
sections 6.1.2-6.1.5, except the amphipol was first dissolved in PEG through heating 
(200C) and cooled to room temperature prior to introduction of the metal salt, which 
was in lower concentration (1-6 mM). Silver nanocrystals were prepared using silver(I) 
acetate at a growth temperature of 120-150ºC.  Palladium nanocrystals were prepared 
using palladium(II) acetylacetonate at a growth temperature of 120-150ºC.  Gold 
nanocrystals were prepared using gold(III) acetate at a growth temperature of 60-100ºC.  
In order to produce homogeneous and stable metal nanocrystals, it was vital to first 
dissolve the metal salt in the reaction mixture before heating.  The dissolution of gold 
acetate was aided with the addition of chloroform, which could then be removed under 




6.2 Spontaneous Generation of Hydrophilic and Hydrophobic Coatings in an 
Amphibious Bath 
Recent research has led to high-quality and monodispersed colloidal nanocrystals by 
using a number of synthetic methods including reactions in reverse micelles, arrested 
precipitation in aqueous solution, and organic-phase high temperature syntheses using 
hydrophobic coordinating ligands (see Chapters 2 and 3).   The nanocrystals 
synthesized by these methods have shown various degrees of crystallinity, 
monodispersity, size-tunability, stability, and processibility.  However, a major limitation 
is that the resulting nanoparticles are soluble only in the reaction solution or in 
chemically similar media.18,19  For example, nanocrystals synthesized in 
trioctylphosphine oxide or other organic solvents are only soluble in nonaqueous media, 
whereas nanocrystals prepared in aqueous solution  are not compatible with nonpolar 
solvents that are often used for fabrication of composite materials, device incorporation, 
and catalytic reactions.20 
 
Here we report a new strategy to couple the synthesis and encapsulation of high-quality 
nanocrystals to yield nearly universal solubility. This method is based on the use of an 
‘amphibious bath’ consisting of amphiphilic multidentate ligands in a noncoordinating 
solvent (such as low-molecular weight polyethylene glycol or PEG).  The multidentate 
ligands (amphipols21,22) are linear polymer chains with aliphatic sidechains and 
carboxylic acid functional groups, and are found to act as both a ligand for metal ion 
precursors and a nanoparticle surface stabilizer. A major finding is that the resulting 
nanocrystals are instantly soluble in both polar and nonpolar solvents (such as water, 
acetone, DMF, and chloroform). This amphibious bath method is applicable to a wide 
variety of technologically important nanocrystals including photoluminescent 
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semiconductors (II-VI and IV-VI quantum dots), catalytic metals (palladium), noble 
metals (gold and silver), and superparamagnetic materials (iron oxide).  This work 
broadly improves the applicability of nanocrystals in biolabeling, catalysis, and device 
fabrication.  
 
As depicted in Figure 6.1, the multidentate polymer serves as a coordinating ligand for 
metal ion precursors, replacing traditionally used monovalent ligands such as oleic acid 
or stearic acid.  At elevated temperatures (100-280C), these polymeric carboxylate 
precursors react with similar chemistry as their monovalent fatty acid analogues.23,24  
Upon nanocrystal nucleation, these multidentate polymers strongly bind to the 
nanocrystal surface during growth to yield monodisperse, highly stable colloids. As 
synthesized, the nanocrystals are nonpolar due to directional coordination of the 
amphiphilic ligand on the crystal surface, allowing solubility in nonpolar solvents.  
However, metal ions are consumed during nanocrystal growth, releasing free polymer 
molecules into the reaction solution. When exposed to polar solvents, the multidentate 
polymer spontaneously encapsulates and solubilises the nanocrystals through the 
formation of hydrophilic micelles.  This strategy is fundamentally different from previous 
approaches in which nanocrystals with amphibious attributes are coated with amphiphilic 
polymers such as polyethyleneimine,25 or poly[2-(dimethylamino)ethyl] methacrylate.26  
The previous work involved surface modification of pre-synthesized nanocrystals and 





Figure 6.1: Schematic showing the use of amphiphilic multidentate ligands to 
prepare nanocrystals that are instantly soluble in both polar and nonpolar 
solvents.  The resulting nanocrystals are coated with the multidentate polymer, and are 
soluble in organic solvents. Upon exposure to water or other highly polar solvents, these 
nanocrystals are spontaneously solubilized by a second layer of the excess multidentate 
polymer, without any additional materials or steps.  The inset shows the structures of two 
multidentate polymer ligands: octylamine-grafted polyacrylic acid (x = 0.6, y = 0.4, PAA-




6.2.1 Colloidal Characterization.  Figure 6.2 shows solutions of fluorescent CdTe 
nanocrystals synthesized in an amphibious bath, demonstrating solubility in a broad 
range of solvents.   It should be stressed that these nanocrystals do not contain a 
mixture of hydrophilic and hydrophobic surface groups, and are not amphiphilic by 
themselves.  Rather, this broad solubility arises from the amphibious nature of the 
reaction mixture toward both polar and nonpolar solvents.  The nanocrystals purified in 
nonpolar solvents are no longer soluble in polar solvents unless excess amphipols are 
again added to the solution.  Similarly, once the nanocrystals are solubilised in a polar 
solvent, they lose their solubility in nonpolar solvents, even if the polar solvent is 
removed and excess amphipol is added.  This indicates that the hydrophilic coating 
generated in polar solvents is very stable and is essentially irreversible.  As a result, the 
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nanocrystals do not aggregate and remain monodispersed, as judged by light scattering 
and electron microscopy measurements (below), and by the narrow surface plasmon 
absorption peaks of noble metal nanocrystals (see below).    
 
 
Figure 6.2: Photographs of CdTe nanocrystals synthesized in an amphibious bath 
instantly dissolved in a broad range of polar and nonpolar solvents.  The top 
photograph shows the solutions under room light and the bottom photograph is with 
ultraviolet illumination.  When the nanocrystal fluorescence is quenched, the amphibious 
mixture shows a blue hue (see the hexane and THF vials).  The precipitation of the 




In order to further understand the surface coatings of these nanocrystals, they have 
been directly compared with analogous nanocrystals synthesized with monovalent 
ligands.  CdTe nanocrystals were prepared with a first exciton peak at 550 nm, using 
both the amphibious reaction bath and a conventional organic ligand method.16  
Theoretically the inorganic nanocrystals comprising these two samples should be 
essentially the same (3.2 nm diameter) due to their nearly identical optical properties.27  
First these two colloids were characterized in hexane using dynamic light scattering 
(DLS). Figure 6.3 reveals a slightly larger hydrodynamic size for the polymer-coated 
nanocrystals (6.8 nm) compared to the ones coated with monovalent ligands (5.2 nm).  
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This difference is due to the steric bulkiness of the amphipol ligand and its larger radius 
of gyration compared to a small monovalent ligand.  In fact, the hydrodynamic thickness 
value of ~1.8 nm is consistent with the theoretical prediction of a ‘loops-trains-tails’ 
binding conformation for a monolayer of this multidentate polymer on the nanocrystal 
surface.1,11  Next, these same nanocrystals were characterized in water.  To prepare 
aqueous dispersions of the conventional CdTe nanocrystals, these nonpolar colloids 
were encapsulated in micelles composed of the same amphipol that was used for the 
amphibious nanocrystal synthesis (PAA-OA0.4).  Previous research has shown that the 
resulting hydrophilic nanocrystals are surrounded by a stable hydrophobic bilayer.19,28,29  
Once in water, both of these nanocrystals are similar in size (12-13 nm), as determined 
by DLS and size-exclusion chromatography (Figure 6.3B). They also have nearly 
identical electrostatic charges with a zeta potential of about -35 mV at pH 8.5.  Therefore 
in water, these nanocrystals have similar structures.  The thickness of this anionic 






Figure 6.3: Size characterization of CdTe quantum dots (QDs) in hexane and 
water. (A) Dynamic light scattering measurements of purified CdTe in hexane (red) or 
water (blue), prepared using traditional multistep syntheses (top) or the one-step 
amphibious synthesis (bottom).  (B) Size-exclusion chromatograms of aqueous solutions 
of traditional CdTe QDs encapsulated in a micelle (top) or amphibious nanocrystals 
(bottom).  Chromatograms were obtained on crude reaction mixtures (blue) and 
nanocrystals isolated via ultracentrifugation (red). Empty amphipol micelles elute at ~32 
minutes and PEG elutes at ~42 minutes. 
 
6.2.2 Polymer Shell Characterization. The self-generated polymeric encapsulation 
layer was further examined by electron microscopy.  Transmission electron microscopy 
(TEM) reveals smaller overall dimensions of the CdTe nanocrystals (Figure 6.4), 
compared to their hydrodynamic sizes.  This is expected, due to the inability of electron 
microscopy to resolve surface-associated solvent molecules, and due to compaction of 
the shell that occurs during the drying process.  TEM also confirms that the size of the 
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conventional ligand-coated CdTe nanocrystals matches predictions from their first 
exciton peak.  However the nanocrystals prepared in the one-step amphibious reaction 
bath are again observed to be larger in size, due to a dense polymeric coating.  It is 
difficult to resolve the interface between the polymeric shell and the nanocrystal surface 
on such small nanocrystals, but it is more evident on larger nanocrystals.  Although the 
growth of very large CdTe nanocrystals is strongly inhibited by the multidentate ligands, 
further growth can proceed for PbSe nanocrystals.  Figure 6.5 displays images of 22.5 
nm aqueous PbSe nanocrystals using both Z-contrast scanning TEM (STEM) and 
scanning electron microscopy (SEM).  Image contrast from STEM is weighted toward 
electron-dense regions like the nanocrystal core, whereas SEM can resolve surface 
features like the organic polymer shell. Nearly every individual nanocrystal is found to be 
coated with a uniform shell with an average dry thickness of 1.6 nm (Figure 6.5).  Some 
closely packed particles are observed to have organic shells with webbing that connects 
to adjacent particles, which may indicate interaction between the hydrophobic bilayers 
upon drying.  These structural studies further support the conclusion that a simple 
single-pot process can be used to synthesize highly ordered micelle-encapsulated 
nanocrystals that before could only be prepared using a complex and laborious multistep 





Figure 6.4: Electron micrographs of purified CdTe nanocrystals cast from a 
hexane solution, prepared using traditional coordinating ligands (A), or the 
‘amphibious’ reaction (B).   Also depicted are ‘amphibious’ nanocrystals cast from an 
aqueous solution before (C) and after purification (D). There was no significant 






Figure 6.5: Electron micrographs of PbSe nanocrystals grown in the presence of 
amphipols, diluted in water, purified, and deposited on a TEM grid.  (A) Z-contrast 
STEM revealed that the nanocrystals are quasi-spherical and highly faceted, with an 
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average diameter of 22.5 ± 1.7 nm. (B) The same grid was imaged via SEM, showing a 
size of 25.7 ± 2.5 nm.  The scale is identical to that of (a).  (C) Magnified SEM image, 
demonstrating an electron-dense core and organic shell.  (D) A rare example of 
nanocrystals in which the polymer shells are seemingly fused together.  The scale is 




6.2.3 Reaction Mechanism. This phenomenon of spontaneous encapsulation is related 
to the nature of the amphiphilic coordinating ligand, as well as the reaction solvent.  The 
contributions of both of these reaction components were independently evaluated, as 
summarized in Table 6.1.  The multidentate, amphiphilic structure of the amphipol is 
crucial for attaining the dual functionality of coordination and encapsulation.  Traditional 
hydrophobic coordinating ligands used in high-temperature nanocrystal reactions, such 
as oleic acid, can be used to prepare stable, monodisperse colloids in nonpolar solvents.  
However these ligands are poor surfactants, and cannot stabilize nanocrystals in polar 
solvents.  Achieving efficient encapsulation from a coordinating ligand requires a 
balanced ratio of coordinating groups to hydrophobic groups.  That is, too many 
coordinating groups yield poor encapsulation efficiency, whereas ligands containing too 
many hydrophobic domains cannot stabilize the nanocrystals during growth.  In general, 
alkylation ratios of 30-60% work well for aliphatic chain lengths from 8 to 14 carbons.  
Interestingly, spatial or structural ordering of these domains is not necessary, as 
amphipols with ordered structures (PMAT, Figure 6.1) and randomly grafted structures 
(PAA-OA0.4) yield nearly identical particles.  On the other hand, the use of a linear, graft-
like polymer backbone is crucial for the success of this procedure, as it allows directional 
orientation of the hydrophilic and hydrophobic domains while preventing crosslinking.  
Performing this same procedure with a di-carboxy PEG ligand resulted in complete 




Table 6.1: Solubility data of CdTe nanocrystals synthesized with multidentate 
ligands (amphipol) or traditional monovalent ligands (oleic acid) in three different 













Oleic acid ODE No ~100% 0% 0%d 0% 
 DOE No ~100% 0% 0% 0% 
 PEG Yes/Noc ~100% 0% 0% 0% 
Amphipol ODE No ~100% 24.7% 0%d 0% 
 DOE No ~100% 72.2% 0% 0% 
 PEG Yes/Noc ~100% 98% 98% ~100% 
 
[a] Solubility was assessed as the fraction of nanocrystals stable in solution after dilution 
of the crude reaction mixture 1:10 in the solvent, and centrifugation at 7000g for 10 
minutes.  
[b] Extraction percentage between hexane and methanol phases.  
[c] Spontaneous precipitation only occurs for dimethoxy-PEG, a liquid at room 
temperature (<~500 Da).  




The capacity to self-generate a micellar surface coating is highly sensitive to the 
chemical nature of the reaction solvent.  Traditional nonpolar solvents, like dioctyl ether 
(DOE) and octadecene (ODE) prevent micellar encapsulation of nanocrystals.  The use 
of PEG as a reaction solvent is important because of its ‘amphibious’ nature (that is, 
soluble in both polar and nonpolar solvents). The only solubility exception for the 
nanocrystals is hexane (Figure 6.2), in which PEG is insoluble.  However once PEG is 
removed from the nanocrystals (see below), they become soluble in aliphatic 
hydrocarbons.  It is thus surprising that the nanocrystals are instantly soluble in diethyl 
ether, a solvent in which PEG does not disperse.  This feature is a result of the strong 
surfactant character of amphipol, which can solubilize a large amount of PEG in ether, 
even when present in small quantities.   
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Another interesting finding is that the terminal groups on PEG (methoxy or hydroxy) can 
influence the colloidal properties of the nanocrystals, even though they do not directly 
interact with the nanocrystal surface.  When the nanocrystals are synthesized in PEG 
terminated solely by methoxy groups, they spontaneously precipitate out of the reaction 
mixture when the temperature is cooled below ~50C. This observation of temperature-
controlled precipitation and dispersion could be exploited to bypass the expensive and 
laborious purification procedures in large-scale synthesis of various nanocrystals.  In 
contrast to methoxy terminal groups, both monohydroxy- and dihydroxy-terminated PEG 
solvents result in soluble colloid nanocrystals at room temperature (25C). As noted 
above, PEG does not interact with the nanocrystals because (a) the growth kinetics of 
CdTe nanocrystals are nearly identical when using ODE, DOE, dimethoxy-PEG, 
monomethoxy-PEG, or dihydroxy-PEG, and (b) the use of a PEG solvent does not 
increase the hydrophilicity of nanocrystals prepared with monovalent ligands (Table 6.1). 
It is thus clear that the strongly binding amphipol ligand is responsible for the amphibious 
character of the nanocrystals, and PEG is an ‘adjuvant’ that enhances this effect.   
 
6.2.4 Materials Compositions. The amphibious reaction bath method is broadly 
applicable to a wide range of nanocrystalline materials (Figure 6.6).  Amphibious 
nanocrystals can be prepared with compositions of noble metals (gold and silver) that 
demonstrate discrete surface plasmon bands in various solvents (Figure 6.7). 
Amphibious quantum dots with intense, size-tunable photoluminescence (Figures 6.2 
and 6.8) can be used directly in either biological buffers or in devices and composites.  
In addition, we have prepared catalytic palladium and superparamagnetic iron oxide 
nanocrystals (Figures 6.9 and 6.10).  Energy dispersive X-ray confirmed the 
compositions of all of these nanocrystals (data not shown).  Preliminary studies have 
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shown that the palladium nanocrystals are highly catalytic for cross-coupling reactions 
between arylboronic acids and aryl halides in both polar and nonpolar solvents.  All of 
these nanocrystals are stable at room temperature for at least 3-4 months after 
purification in both polar and nonpolar solvents, with no major changes in light scattering 
measurements and electron micrographs.  This remarkable stability is attributable to the 
strong binding between the multidentate ligand and the nanocrystal surface, as well as 
the stable micellar coating of amphipols in polar solvents. Indeed, amphipols have 
previously been used to stabilize nonpolar nanocrystals19,28,29 and integral membrane 
proteins21 in aqueous solution through hydrophobic interactions.  Previous studies have 
found that this hydrophobic binding is essentially irreversible.19,31 
 
 
Figure 6.6: Metal, metal oxide, and semiconductor nanocrystals that are 
synthesized in an amphibious bath and are instantly soluble in both polar and 
nonpolar solvents. Shown on the left are schematic structures of self-generated 






Figure 6.7: Left: Absorption spectra of amphibious silver nanocrystals dispersed in 
water or toluene. Right: Absorption spectra of amphibious gold nanocrystals dispersed in 
water or toluene.   
 
 
Figure 6.8: Additional lead selenide structural characterization.  PbSe nanocrystals 
were grown in the amphibious bath to a size of 22.5 ± 1.7 nm, diluted in water, purified, 
and cast on a TEM grid.  (A) High-resolution transmission electron micrographs of the 
nanocrystals.  (B) Representative nanocrystal at high magnification with inset showing a 
fast Fourier transform of the nanocrystal image. The nanocrystal is oriented with its rock 
salt (111) plane parallel to the TEM grid and is significantly faceted along the nonpolar 






Figure 6.9: Iron oxide structural characterization. Iron oxide nanocrystals were grown 
in the amphibious bath to a size of 3.03 ± 0.53 nm, diluted in water, purified, and cast on 
a TEM grid.  (A) High-resolution transmission electron micrographs of the nanocrystals.  
(B) Nanocrystal at high magnification with inset showing a fast Fourier transform of the 
nanocrystal image. The nanocrystal is oriented with its face-centered cubic (100) plane 




Figure 6.10: Palladium structural characterization. Slightly elongated Pd 
nanocrystals in the amphibious bath were diluted in water, purified, and cast on a TEM 
grid.  (A) High-resolution transmission electron micrographs of the nanocrystals.  The 
nanocrystals were highly faceted and slightly elongated, with short axis length 6.01 ± 
1.00 nm and long axis length 8.43 ± 1.95 nm.  (B) Nanocrystal at high magnification, 




6.2.5 Applications of Amphibious Nanocrystals. We have developed a new synthesis 
strategy for a large variety of nanocrystals that are instantly soluble and stable in both 
polar and nonpolar solvents.  A new finding is that multidentate ligands (amphipols) can 
serve as both coordinating ligands for metal atoms and nanocrystals, as well as 
micellization agents for nanocrystal encapsulation.  To our knowledge, such a highly 
ordered self-assembly process using a single surfactant for both coordination and 
hydrophobic encapsulation in a single step has never before been reported.  The high 
temperatures used for crystal growth result in monodisperse and highly crystalline 
particles, with reaction yields typically greater than 90%. The growth of larger 
nanocrystals revealed the high faceting of the nanocrystals, which is highly desirable for 
applications in catalysis, sensing, and energy transfer.  For applications in nonpolar 
solvents, these nanocrystals may be spontaneously purified from their reaction solvent, 
and for use in aqueous solution, greater than 99% of these nanocrystals are stable after 
dilution in water as carboxyl-functionalized colloids.  The long-term stability of these 
nanocrystals is tremendous due to the strong multidentate coordination by the amphipols 
and the strong hydrophobic interactions of the micelles in polar solutions, both of which 
are stabilized through multiple anchor points on the surface.  The nanocrystals that were 
produced herein have great potential for applications in biological environments, 
homogeneous catalysis, device incorporation, and for the study of the solvent-dependent 







Figure 6.11: An example of simplified examination of the solvent-dependent 
properties of nanocrystals through the amphibious reaction bath procedure. The 
surface plasmon peak of amphibious silver nanocrystals is plotted against the refractive 
index of the solvent.  Mixtures of benzene-methanol (red squares), as well as 12 other 




6.3 Control of Nanocrystal Growth, Nucleation, and Structure with Multidentate 
Ligands 
This amphibious bath synthesis is an evolution of the high temperature coordinating 
solvent nanocrystal reactions (Chapters 2 and 3).32  It has been previously shown that 
the concentration of coordinating ligands (e.g. oleic acid) can dictate the final size of the 
nanocrystals.23  As shown in this section, the replacement of molecular ligands with 
polymeric, multidentate ligands results in a unique size-dependence on the ligand 
concentration, with sizes tunable over a much broader range.  Interestingly, these 
multidentate ligands tightly bind to metal precursors and to the nanocrystal surfaces 
through carboxylate-metal chelation, with both steric and diffusional barriers to 
uncontrolled nucleation and growth.  Because of these unique physicochemical features, 
the dependence of the nanocrystal size on the ligand concentration is not only amplified, 
allowing tuning over a broader size range, but it is also inverted, which has never before 
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been reported for semiconductor nanocrystals.  We postulate that this inversion is due to 
the close spatial proximity of metal ions on the polymeric backbone, forming reactant 
‘multimers’ that react as a single unit of monomers.  The synthesis of CdTe quantum 
dots using this strategy results in size-controlled, monodisperse nanocrystals with 
homogeneous nucleation and growth (Figure 6.12), whereas the analogous reactions 
using traditional monovalent ligands is uncontrollable and heterogeneous.   
 
 
Figure 6.12: Optical absorption (A) and fluorescence emission spectra (B) of CdTe 
nanocrystals in the size range of 2.5 – 7 nm (diameter) synthesized in the presence of 




6.3.1 Reaction Kinetics. Recent reports in the literature have described the tuning of 
nanocrystal size through the initial concentration of coordinating ligands in high 
temperature syntheses.  This effect has been found to occur for a variety of nanocrystal 
materials, including CdS, CdSe, PbS, and InP.23,33,34   The hypothesis is that a greater 
initial concentration of ligands decreases the activity of precursors, thus decreasing the 
rate of nucleation when the reactants are mixed at high temperature.  Therefore after an 
initial burst of nucleation, a higher concentration of ligand will result in fewer nuclei, and 
a larger amount of free precursors in solution will be available to grow on the small 
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nuclei to achieve larger sizes.  We have verified this hypothesis for CdSe nanocrystals 
(Figure 6.13, left) prepared using cadmium oleate and tributylphosphine selenide in an 
octadecene solvent. However when we attempted to apply these same principles to 
prepare CdTe nanocrystals, the reaction showed a negligible and poorly reproducible 
amount of tunability in size with respect to oleic acid concentration, and even a slight 
reversal of the ligand-precursor trend (Figure 6.13, middle).  These nanocrystals rapidly 
nucleated with relatively large sizes (5-7 nm diameter) and broad size distributions, 







Figure 6.13: Kinetic evaluation of CdSe and CdTe nanocrystal synthesis reactions.  
Three reaction systems were monitored: CdSe with oleic acid ligands (left), CdTe with 
oleic acid ligands (middle), and CdTe with amphipol ligands (right)  (A) The peak 
wavelength of photoluminescence was monitored over time after injection of the 
chalcogenide precursor.  Ligand concentrations were calculated as COOH:Cd ratios, 
and were 4:1 (red), 8:1 (green), and 60:1 for the oleic acid ligands or 20:1 for the 
amphipol ligands (blue).  (B) Quantum dot (QD) diameter (red) was calculated from the 
wavelength of the first exciton peak, which was determined from the second derivative of 
the absorption spectrum (Figure 6.14). The full-width-at-half-maximum (FWHM, blue) of 
the emission spectra is indicative of nanocrystal polydispersity.  (C) Quantum dot 
concentrations, [QD], were calculated from the absorption values and known extinction 
coefficients (red), allowing the calculation of chalcogen consumption (blue).  All reactions 
in (B) and (C) were performed with a COOH:Cd ratio of 4:1.  Note that all of the x-and y-
axes are identical, except for [QD] in (C).  The amphipol used was PAA-OA0.4.  All 
reactions were performed in an ODE solvent, although similar trends were found to 






Figure 6.14: Extraction of the first exciton peak from absorption spectra of CdTe 
nanocrystals, using the second derivative method. The first exciton peak can even 
be extracted from relatively polydisperse samples, as shown here for CdTe quantum 
dots with a 706 nm first exciton peak.  This allows fairly precise determination of 




When the reactions of CdSe and CdTe are compared in detail, the mechanism for the 
differences becomes clear.  Upon introduction of a selenium precursor, CdSe 
nanocrystals slowly nucleate over the course of the first 2-3 minutes.  After this initial 
nucleation process, the remaining precursors grow on the nascent nuclei and focus in 
size to narrow the size distribution, as the consumption of precursors is slow and 
controlled in both the nucleation step and the following growth step.  On the other hand, 
when tellurium is introduced into a reaction, its reactivity is so high that nucleation is 
instant, and nearly all of the reactants are consumed in seconds, leaving no precursors 
to focus the size distribution.  Interestingly, immediately after injection, it was found that 
the number of total CdTe nanocrystals in the reaction quickly decreased from the initial 
value, indicating either occurrences of nanoparticle fusion or Ostwald ripening (TEM 
evidence suggests fusion to be the main effect, see below).  After the number of 
nanocrystals in solution stabilized, there was a brief phase of size-focusing, indicated by 
a narrowing of the emission bandwidth.  However because the distribution was initially 
highly heterogeneous and the reactants were quickly depleted, there was little 
improvement in the overall monodispersity before Ostwald ripening controlled the 
reaction, increasing the polydispersity.  Altering the concentration of oleic acid had little 
impact because this reaction was overwhelmingly controlled by the high reactivity of 
tellurium, rather than the reactivity of cadmium. 
 
When oleic acid was replaced with multidentate amphipols in this reaction, CdTe 
nanocrystals could be widely controlled in both size and size distribution (Figure 6.13, 
right).  In fact, the kinetics of nucleation and growth of these nanocrystals strongly 
resembled those of CdSe (Figure 6.13, left), with nucleation occurring homogenously 
over the course of a few minutes without evidence of nanoparticle fusion or ripening.  It 
was found that the consumption of tellurium was slow and controlled, and that the 
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nanocrystals focused in size with much narrower size distributions than could be 
achieved with oleic acid.  Remarkably, the impact of the ligand concentration on the final 
focused size of the nanocrystals was amplified, allowing tuning over a broader range of 
sizes (Figure 6.13A).  Indeed, by altering the ligand concentration and the reaction time, 
we could easily obtain nanocrystals from 2.5-8.0 nm in diameter (Figure 6.12), with 
emission from the green visible region to the near-infrared.  The CdTe quantum dots 
prepared using this strategy reproducibly yield peak widths with full-width-at-half-
maximum (FWHM) values around 35-37 nm, although ones as narrow as 33 nm have 
been achieved.  For the monovalent ligand reaction, the most narrow size distribution 
occurred several seconds after injection, at around 38 nm FWHM.  This monovalent 
reaction was purposely chosen to simulate the differences between monovalent and 
multivalent ligands, but it is not, itself, optimal for the synthesis of CdTe nanocrystals.  It 
should be noted that other synthesis strategies using monovalent ligands have produced 
quantum dots with FWHM as narrow as 27 nm, but in our experience, 29-32 nm is 
typical for the most monodisperse CdTe.   
 
It is an important finding that the dependence of the nanocrystal size on the multivalent 
ligand concentration follows the opposite trend of conventional size tuning.  That is, a 
higher initial concentration of ligand results in smaller quantum dots.  Initially we 
postulated that this may be due to a lower reaction completion when the nanocrystals 
focused in size, but it was found that 70-90% of the reactants were consumed for all 
ligand concentrations tested.  Instead, we propose a multidentate sequestering 
mechanism for this unique attribute (Figure 6.15).  The multidentate carboxylic acid 
ligands can react almost stoichiometrically with the cadmium precursors to yield nearly a 
2:1 carboxylic acid:cadmium ratio.  Under these conditions, there are ~7-8 cadmium 
atoms per polymer chain in solution when using the PAA-OA0.4 ligand (containing an 
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average of 15 carboxylic acids).  Each cadmium-polymer chains reacts as a single 
cadmium ‘multimer’ during the nucleation process, as opposed to monomers of 
monovalent cadmium.  When the ligand:cadmium ratio increases, the number of 
cadmium atoms per polymer chain decreases stochastically, and therefore more 
cadmium multimers exist in solution, which may independently react with tellurium to 
yield nuclei.  Therefore, as the ligand concentration increases, more nuclei form, and the 
size of the focused nanocrystals decreases.  The kinetic analysis of the reaction (Figure 
16.3) shows that these nanocrystals do not fuse together, as the nucleation process is 
slow and controlled.  This is due to the high binding strength of the multidentate ligands 
on the nanocrystal surfaces and due to the associated high steric hindrance of the 
polymer, only allowing surface access to small monomers and multimers.  This ligand-
concentration effect would be expected to yield a continuous trend with ligand 
concentration until each cadmium atom is chelated by a single polymer chain.  
Experimentally, we found this trend to be valid for carboxylic acid:cadmium ratios up to 
~12:1.  Beyond this ratio, there was only a small dependence of the ligand concentration 
on the final size, and the trend reverted back to the conventional dependence, as the 
nanocrystals increased in size with increasing ligand concentration.  This phase of the 
synthesis can be explained by the traditional mechanisms of an increase in polymer 




Figure 6.15: Control of reaction kinetics with multidentate ligands.  This schematic 
describes the reaction control of CdTe, but the mechanisms for other nanocrystals may 
be similar.  Green circles represent metal ions, which fuse to form larger nanocrystals.  
For high polymer concentrations (top), only one or two cadmium atoms are bound to 
each polymer chain prior to nucleation.  Nucleation is initiated at high temperature with 
the addition of tellurium (1), resulting in the formation of small crystallites.  These small 
crystallites are tightly bound through multidentate coordination to single polymer ligands, 
and cannot fuse together due to strong steric hindrance, but can grow slowly through 
reaction with small tellurium atoms and unreacted cadmium monomers (2).  When the 
concentration of polymer is low (bottom), the polymer chains are nearly saturated with 
cadmium ions, containing up to 7-8 per chain.  The induction of nucleation with the 
addition of tellurium (1) causes the cadmium ‘multimers’ to react as one nucleation site, 
bound to a single polymer, resulting in larger initial nuclei.  Fewer nuclei exist in solution 
due to their sequestration in single reacting multimers, and thus the remaining tellurium 
and unreacted multimers grow on the nascent nuclei to much larger sizes (2).  In 
addition, the low polymer concentration decreases multidentate interactions, increasing 




Importantly, the investigation of this mechanism for nanocrystal growth would not be 
possible if it were not for the slow, homogeneous nucleation process afforded by the use 
of amphipol ligands.  Traditional methodology for the production of monodisperse 
nanocrystals has called for the temporal separation of nucleation and growth, as 
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originally described by La Mer and Dinegar.35  Indeed, it has been found in traditional 
high temperature organometallic reactions for the production of nanocrystals that a cold 
injection of precursors instantly produces similarly sized nanocrystallites, upon which 
homogeneous growth can proceed to generate monodisperse nanocrystals.32  However 
it is clear from the kinetics of the reactions of CdSe nanocrystals prepared with oleate 
ligands and CdTe nanocrystals prepared with amphipol ligands that this effect may not 
always be predominant.  In these reactions, nucleation proceeds over the course of 
several minutes and still results in monodisperse nanocrystals.  This attribute is due to 
the relatively fast rate of monomer nucleation compared to the slow rate of monomer 
deposition on nascent nanocrystals.  This disproportionately low reactivity of monomers 
toward growth is due to the strong binding of the ligand on the nanocrystal surface that 
reduces the reactivity of the surface facets, as well as the steric hindrance provided by 
the polymer that resists access to the nanocrystal surface.  These effects yield uniform 
reactant consumption and allow nucleation and growth to briefly coincide while still 
resulting in homogeneous nanocrystals, much like the synthesis of iron oxide 
nanocrystals.36  This finding opens the door to the synthesis of homogeneous 
nanocrystals without an injection event, which is a useful attribute for industrial scale 
reactions in which instantaneous and homogenous mixing of solutions is difficult and 
dangerous.  As well, for most nanocrystal synthesis, size polydispersity is marred by 
Ostwald ripening in later phases of growth when most of the precursors have been 
consumed.  However for the amphipol ligands, the onset of Ostwald ripening is 
significantly delayed, only commencing after one or two hours.  This is likely due to the 
strong, multivalent binding of the polymer to the growing nanocrystals.  Indeed, the 
multivalent binding strength of these polymers, combined with the sterically controlled 




6.3.2 Lattice Structure and Morphology.  As discussed extensively in Chapter 4, 
cadmium telluride is polymorphic and polytypic in bulk and in nanostructures, 
demonstrating both zinc blende and wurtzite phases.  Although zinc blende is the most 
common phase for this material in bulk, CdTe nanocrystals can assume both lattice 
structures, and may be tuned between these two structures through a choice in ligand 
chemistry.16  CdTe nanocrystals prepared with oleic acid ligands were previously 
reported to be wurtzite, however this is in direct conflict with our high-resolution 
transmission electron microscopy (HRTEM) analysis of these nanocrystals (Figure 
6.15A).  Previous studies only implemented X-ray diffraction techniques, which can be 
difficult to interpret without in depth modeling of stacking faults, and can be obscured by 
polydispersity.16  In contrast, HRTEM can be used to visualize and identify specific lattice 
planes, some of which can be used to unambiguously classify lattice structures, as 
discussed in Chapter 5.  The {110} lattice planes were frequently observed, with very 
infrequent wurtzite stacking faults, suggesting a strong zinc blende character to these 
quantum dots.   
 
When first nucleated, CdTe nanocrystals assumed spherical shapes in the presence of 
oleic acid ligands, but later showed signs of nanocrystal fusion, with multiple crystalline 
domains coinciding on the same nanocrystal.  As well, these nanocrystals grow in 
irregular shapes, with seemingly no preference for axes of elongation.  In contrast, the 
nanocrystals grown in the presence of the multidentate polymer were found to be 
homogeneous in size and in crystallinity at all points throughout a 2 hour reaction.  In 
addition, nanocrystals grown with the polydentate polymer were unambiguously 
identified to assume the zinc blende lattice structure via HRTEM.  Because of the large 
mass fraction of amorphous polymer associated with these nanocrystals, and due to 
their small sizes, x-ray diffraction was not attempted, as our experience has shown that 
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distinguishing the zinc blende from wurtzite lattice structures in small nanocrystals is 
impractical unless a highly crystalline sample can be obtained (Chapter 5).   
 
 
Figure 6.16: Characterization of CdTe nanocrystals prepared using monovalent 
ligands (A) or multidentate amphipols (B).  Left: Absorption (dotted line) and emission 
spectra (solid line) of quantum dot, plotted in arbitrary units. Middle: High-resolution 
transmission electron micrographs of the nanocrystals.  The dimensions of each box are 
50 nm x 50 nm. Right: Representative nanocrystal shown at high magnification with and 
inset showing a fast Fourier transform of the nanocrystal image. The dimensions of each 
box are 14 nm x 14 nm.  Both nanocrystals are oriented with their zinc blende (110) 
planes parallel to the TEM grid. 
 
 
6.3.3 (Core)Shell Nanocrystal Synthesis.  Due to the high binding strength of the 
multidentate polymer to the nanocrystal surfaces, it is reasonable to speculate that these 
nanocrystals may not be amenable to postsynthetic surface modification.  Specifically, 
inorganic shells are typically grown on quantum dots in order to protect their optical 
properties and to improve their chemical stability toward oxidation (Chapter 4) and to 
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generate a variety of useful heterostructures.  To this end, CdTe nanocrystals were 
grown in the presence of amphipol ligands and capped with CdS or CdSe, yielding a 
strong red-shift in optical spectra, indicative of the type-II nature of the band structure. 
Generally in these syntheses, an excess of the cationic precursor is used in order to 
afford a surface rich in cations for strong interaction with the carboxylate polymer.  
Because there is an excess of cadmium in solution, a shell may be grown merely by the 
addition of elemental sulfur or selenium to the synthesis reaction after core growth at 
280ºC.  EDX analysis of the purified nanocrystals demonstrated that these elements 
were successfully incorporated into the nanomaterials (data not shown).  Injection of 
sulfur (1:1 S:Te) red-shifted the emission peak from ~630 nm to ~700 nm, whereas 
selenium (1:1 Se:Te) red-shifted the emission to ~830 nm (Figures 6.15 and 6.16).  As 
well, HRTEM analysis revealed that the nanocrystals grew significantly as the zinc 
blende lattice constants contracted (Figure 6.16).  Elemental analysis of these 
nanoparticles in water also revealed an important aspect of their synthesis.  Even after 
purification, if these nanocrystals were synthesized in the presence of a large excess of 
cadmium, excess cadmium remained bound to the nanoparticles.  The elemental ratio of 
Cd:Te in CdTe quantum dots purified in water was ~2:1 when prepared with a 3-fold 
excess of Cd.  It was found that this excess cadmium could be eliminated if the quantum 
dots were prepared with a ratio less than 2:1, or if the remaining cadmium was 
consumed during shell growth.  For the use of these nanocrystals as water-soluble 
probes in living cells or animals, it is important to consume all of the cation precursors in 






Figure 6.17: Characterization of (core)shell quantum dots prepared from CdTe 
nanocrystals with a multidentate ligand.  (CdTe)CdS (A) and (CdTe)CdSe (B) 
nanocrystals are depicted. Left: Absorption (dotted line) and emission spectra (solid line) 
are plotted in arbitrary units. Middle: High-resolution transmission electron micrographs 
of the nanocrystals.  The dimensions of each box are 50 nm x 50 nm. Right: 
Representative nanocrystal shown at high magnification with and inset showing a fast 
Fourier transform of the nanocrystal image. The dimensions of each box are 14 nm x 14 




It is likely that these heterostructure materials grew as shells, or as gradient-structures 
on the cores.  This is because an alloying of the materials would generally result in a 
blue-shift in emission due to an increase in bandgap, as discussed in Chapter 4.  Growth 
of a CdSe shell resulted in a dampening of absorption features and a decrease in band-
edge oscillator strength, consistent with a type-II heterostructure.  However the CdS 
nanocrystals maintained a strong band-edge and the degree of red-shift in the optical 
spectra was less than expected from previous studies (Chapter 4).  This is a result of 
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incomplete deposition of the sulfur precursor.  The reactivities of selenium and sulfur are 
significantly lower than that of Te, resulting in slow shell growth over the course of 
several hours and incomplete reactions.  The ratio of Te:Se in (CdTe)CdSe quantum 
dots was found to be 1.8:1, and the ratio of Te:S in (CdTe)CdS was found to be 4:1.  
Indeed, the reactivity of sulfur toward the multidentate ligand-bound cadmium ions was 
so low that CdS nanocrystals could not independently nucleate in the presence of 
amphipol ligands.  In addition, small cadmium selenide nanocrystallites could nucleate in 
the presence of amphipols but their strongly inhibited growth limited their size to less 
than ~2.5 nm.  Because of the low reactivity of sulfur and selenium, (core)shell 
heterostructures could be produced through the simultaneous introduction of the core 
and shell precursors, without sequential additions of shell precursors.  Although this is 
interesting from the perspective of synthetic ease on an industrial scale without the need 
for multiple high temperature injections, the resulting heterostructures are more difficult 
to characterize due to the lack of a priori knowledge of their sizes and extinction 
coefficients, compared to binary CdTe nanocrystals.   
 
6.3.4 CdTe Fluorescence Stabilization. A drawback to the use of CdTe as a 
photoluminescent nanocrystal material is that its fluorescent intensity is known to be 
quickly quenched after exposure to air (Chapter 5).14,16,37  This is also true for the 
quantum dots prepare here.  Although these quantum dots generally had quantum yields 
of 40-60% immediately after synthesis, they quenched to just a few percent over the 
course of minutes to hours once exposed to air.  This effect was found to occur in water 
even under oxygen-free conditions, and even if the solutions were protected from light.  
CdTe quantum dots that were prepared using traditional methods, and then transferred 
to water using amphipols instantly quenched upon resuspension in water, even though 
the original quantum dots were brightly fluorescent (Chapter 5). Although these quantum 
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dots were significantly more resistant to quenching in nonpolar solvents, they also 
eventually quenched under these conditions when exposed to air.   
 
Because of this oxidative lability, it was presumed that CdS or CdSe shell growth would 
lead to an increase in photochemical stability.  Instead shell growth led to a gradual and 
steady decline in quantum yield.  As well, the resulting nanoparticles were not 
photostable, although they were more stable than the core nanocrystals alone.  This is 
surprising, as the growth of (core)shell (CdTe)CdS and (CdTe)CdSe quantum dots 
generated highly stable and bright nanocrystals (Chapter 4) when using monovalent 
amine ligands.  The mechanism for this shell-induced quenching likely arises from the 
carboxylic acid ligands on the amphipol ligands. When the monovalent amine ligands of 
the traditional (core)shell nanocrystals were exchanged with oleic acid, the emission 
intensity markedly dropped, suggesting that the carboxylic acid ligands are not ideal 
passivants for these heterostructures.   
 
This problem of fluorescence instability has been overcome with the addition of a small 
amount of hydrophilic thiol ligand to the quantum dots in water (0.1 mM 1-thioglycerol).  
After incubation for several hours at room temperature, the fluorescence reappears, and 
remains following purification through FPLC or ultracentrifugation.  A similar repair 
phenomenon can also improve the photochemical properties of CdTe-amphipol quantum 
dots prepared with multistep syntheses using molecular ligands.  Although the 
mechanism of this photoluminescence restoration is not clear, it is likely that these 
strongly reducing ligands can repair oxidized defect sites on the quantum dot surface 
that arise when they are exposed to oxygen and other oxidizing species in aqueous 
solution.  Indeed, CdTe nanocrystals can be synthesized in aqueous solution in the 
presence of thiolate ligands, with highly efficient photoluminescence.38,39  These small 
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ligands do not displace the hydrophobic bilayer surrounding the amphibious quantum 
dots, as their elution times from size-exclusion chromatography columns did not change 
(data not shown).  Instead, it is likely that these ligands can penetrated through the 
semiporous polymeric shell to interact with the quantum dot surface.  A similar 
mechanism was postulated for the interaction of β-mercaptoethanol with CdSe/ZnS 
quantum dots coated with amphipols, which was found to modulate fluorescence 
quantum yield and blinking.40,41 
 
Once stabilized by thiols, the quantum dots were strongly photoluminescent for several 
days after purification, but eventually bleached again if stored under room light.  This is 
likely due to photochemical oxidation of the quantum dot-bound thiolate ligands.18  In 
pursuit of a more permanent solution to this problem, we attempted to postsynthetically 
modify the nanocrystal surfaces with nonpolar ligands that would become permanently 
incorporated within the nanocrystal micelle shell once dispersed in water.  Comparing 
alkyl phosphines, phosphine oxides, phosphonic acids, amines, carboxylic acids, and 
thiols, it was found that only phosphines were capable of maintaining the 
photoluminescence efficiency of these quantum dots in water.  Typically, after the 
nanocrystals were synthesized in the amphipol-PEG mixture at 280ºC, the reaction 
temperature was decreased to 240ºC, trioctylphosphine (TOP) was added and ligand 
exchange was allowed to commence for 1 hour.  The concentration of TOP was a critical 
parameter, as too little had no impact (less than 2:1 TOP:cadmium) and too much of this 
highly nonpolar ligand dramatically reduced the solubility of the resulting nanocrystals in 
water.  It was found that an 8:4:1 ratio of carboxylic acid ligands:TOP:cadmium was ideal 
for most reactions.  Quantum dots that were processed in this manner were optically 
stable for weeks to months in water after purification, and the same phenomenon was 
found to improve the properties of CdTe nanocrystals prepared with multistep syntheses 
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and amphipol encapsulations.  In the future, the production of optically stable 
nanocrystals may be simplified with the addition of phosphine moieties to the amphipol 
backbone to create a locally reducing environment, or by using nanocrystalline materials 
that are less prone to oxidation, such as (CdSe)ZnS.   
 
6.4 Outlook.  The rationale for the use of multidentate ligands in the synthesis of 
nanocrystals was inspired by the need to retard the growth rate of nanocrystals in 
reactions that normally proceed uncontrollably.  It was hypothesized that increasing the 
number of chelating moieties per ligand, and increasing its molecular weight would 
decrease the reactivity of the precursors, thereby slowing nucleation and growth of the 
nanocrystals.  Indeed these multidentate ligands dramatically decrease the growth rates 
of nanocrystals in solution, and also yield novel reaction kinetics.  These slow nucleation 
and growth processes will be particularly valuable for studying the nature of nucleation 
and growth in poorly understood nanocrystal reactions.  In addition, the in situ coating of 
nanocrystals with flexible multidentate ligands will be useful for studying the interactions 
of strong multivalent binding on the highly curved and rigid surfaces of nanocrystals.   
 
In future work, the amphibious nature of the nanocrystals produced in this work will be a 
great asset for a wide range of applications, however the structure of the polymeric 
coating may be even more important.  A strong binding strength of the polymer is 
indicated by the exceptional colloidal stability of the resulting nanocrystals and their 
resistance to Ostwald ripening at high temperatures.  Although this polymeric shell is 
strongly bound in polar and nonpolar solvents, it is also porous.  This paradox is a direct 
result of the bulky, linear structure of the polymer.  These nanocrystals are coated with a 
monolayer of bulky multidentate carboxylate ligands, which can strongly bind to metal 
atoms on the nanocrystal surface through polydentate interactions.  However, this ligand 
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binds in a disordered fashion to the surface, likely leaving patchy holes in the monolayer 
that are too small to be filled in by large ligands, but large enough to provide a space for 
diffusion of solutes to the surface.  When these nanocrystals are dispersed in a polar 
solvent, an additional layer of surfactant is coated on the surface, which forms a 
hydrophobic bilayer, providing an additional layer of stability through hydrophobic 
interactions.  However this bilayer is fluid-like and disordered like its underlying 
monolayer, and thereby allowing access to the surface through pores in the organic 
shell.  Combined with the high degree of surface faceting of the nanocrystals, this 
attribute immediately shows utility for the production of homogeneous catalytic 
nanocrystals, such as palladium.  Colloidal stability of homogeneous catalysts has been 
a major limiting factor in utility, and the nanocrystals often entirely precipitate as bulk 
metal by the end one catalytic cycle.42,43  The possibility of producing a variety of 
nanocrystals with a rare combination of surface accessibility and high stability will also 
be invaluable for the production of new biological probes, energy transfer and charge 
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Quantum dots have many highly desirable attributes for applications in biology and 
medicine, including intense single molecule fluorescence, a resistance to 
photobleaching, and spectral multiplexing capabilities (Chapter 2).  These qualities 
are particularly relevant for applications in live cell imaging and for intraoperative 
fluorescence imaging, for which there is a dearth of suitable probes. However current 
state-of-the-art quantum dots are inadequate for these applications due to their large 
sizes, poor colloidal stability, propensity for nonspecific binding, inconvenient 
bioconjugation capacity, and possible cytotoxic effects.  In this thesis, many of these 
shortcomings have been overcome through the optimization of semiconductor 
nanocrystal structure, optical properties, and colloidal attributes, and this chapter 
extends these concepts to improve the biocompatibility of quantum dots and to 
understand how nanoparticles interact with living cells and biomolecules. 
 
In this chapter, a thorough experimental approach is undertaken to uncover the 
factors controlling the biocompatibility of semiconductor nanocrystals.  Several major 
experimental findings are reported, along with many new concepts in nanocrystal 
biocompatibility. First, ultrasmall quantum dots (<6 nm) exhibit a vastly decreased 
propensity for nonspecific binding to serum components, compared to their larger 
counterparts (>6 nm).  This observation has never been reported and could only be 
revealed through the development of the compact multidentate ligand (Chapter 5).  
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Second, the colloidal stability, propensity for protein adsorption, and cellular uptake 
of quantum dots in a biological environment is strongly dependent on the surface 
properties of the nanoparticle.  Nonspecific binding of these quantum dots can be 
minimized by reducing the electrostatic charge of commonly used carboxylate 
coatings through surface modification with non-ionic polymers.  Third, nanocrystals 
coated with a strongly bound multidentate polymer can spontaneously and 
specifically assemble with proteins terminated by a polyhistidine sequence, 
generating a basis for simple and efficient bioconjugation.  Fourth, if these proteins 
contain energy accepting dyes, extremely high efficiencies of energy transfer can be 
attained due to the reduced distance between the nanocrystal and the dye.  Finally, 
the cytotoxicity of quantum dots toward cells has been studied in depth, revealing 
atypical trends with chemical composition.  The traditional paradigm of cadmium-
dominated toxicity is challenged by the overwhelming toxicity of zinc- and selenium-
based quantum dots, caused by a unique type of nanocrystal surface chemistry.  
These results provide great insight into the interactions between nanoparticles and 
biological systems and will help to facilitate the exploitation of the full capabilities of 
semiconductor nanocrystals. 
 
7.1 Nonspecific Binding to Proteins 
Biological fluids such as blood, cytosol, and lymph are complex saline solutions 
crowded with macromolecules that may either be reducing (e.g. cytosol) or oxidizing 
(peroxisomal contents), acidic (lysosomal fluid) or alkaline (bile). These conditions 
may be sufficiently harsh to disrupt the delicate balance of forces stabilizing colloidal 
suspensions of nanocrystals through electrostatic destabilization at high ionic 
strength (0.15 M) and nonspecific adsorption and aggregation induced by a large 
excess of biomacromolecules.  Indeed the biocompatibility of semiconductor 
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quantum dots has been a major limiting factor for single molecule imaging studies in 
cells and for achieving a high level of specificity in biological fluids. Commonly used 
commercial quantum dots are coated with thick polymeric shells that are prone to 
protein adsorption, and quantum dots coated in small ligands aggregate unless they 
are in the presence of excess ligands, which are often intrinsically toxic and 
bioactive. For this reason, the use of a thin and stable multidentate ligand coating 
(Chapter 5) offers a unique opportunity to overcome these issues, study the 
interactions of small quantum dots with biological fluids and cells, and to advance the 
fields of quantum dot bioimaging and biosensing. 
 
7.1.1 Quantum Dot Surface Coatings.  In order to determine how semiconductor 
nanocrystals behave in complex biological fluids, the study of their properties in 
serum is an appropriate starting point.  Serum contains nearly all of the components 
of blood plasma with a high concentration of a variety of biologically re levant proteins 
(~8% by weight), most abundantly albumin and immunoglobulins.  Figure 7.1 shows 
the results of an experiment in which (CdSe)ZnS nanocrystals (3.5 nm nanocrystal 
diameter, 530 nm emission) were coated with 7 different surface coatings, incubated 
in serum for 1 hour at 37C, and then subjected to agarose gel electrophoresis.  
Each pair of lanes contains quantum dots in a neutral buffer without serum (left lane) 
or quantum dots incubated with serum (right lane), showing that all of the 
nanocrystals have a different mobility after incubation with serum.  Because the 
relative electrophoretic mobility is only dependent on the zeta potential of the 
particle, serum must modify either the nanocrystal size or charge.  Either way, this 
must be due to an adsorption phenomenon, as electrophoresis is purification process 







Figure 7.1: Nonspecific binding of serum by (CdSe)ZnS quantum dots with 7 
different coatings.  Agarose gel (0.7%) electrophoresis was performed in pH 8.5 
sodium borate buffer.  Each nanocrystal coating is labelled above two adjacent 
lanes, with the left lane containing nanocrystals in PBS, and the right lane containing 
nanocrystals in 50% (v/v) fetal bovine serum.  Each sample was heated to 37C for 1 
hour.  The inorganic nanocrystal diameter was 3.5 nm, and the hydrodynamic sizes 
ranged from ~4.5 nm (thioglycerol and cysteine) to ~22 nm (lipid-PEG).  Polythiol 
refers to the multidentate ligand developed in Chapter 5, which was used in its native 
form (COOH) or with conjugated hydroxyl groups (OH) or short chain PEG (380 Da).  




The surface coatings investigated here are chemically and colloidally diverse, 
including small molecules (cysteine and thioglycerol), multidentate ligands, and 
amphiphilic polymer coatings (amphipol and lipid-PEG), with neutral to negative 
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surface charges. Yet despite this broad range of physicochemical properties, all of 
these quantum dots had similar electrophoretic mobilities after protein adsorption, 
implicating similar interactions with serum components.  It should be noted that lipid -
PEG quantum dots adsorbed by serum had a lower mobility compared to the other 
types of surface coatings, likely due to their much larger hydrodynamic size.  It is 
quite surprising that large, highly anionic, stable coatings like amphipol resulted in 
similar interactions with serum components as small, ionically neutral, unstable 
coatings like cysteine.  It has previously been reported that cysteine coated quantum 
dots are naturally resistant to adsorption due to a nearly neutral zwitterionic 
surface.1,2  However these nanocrystal were so labile that they entirely precip itated 
and quenched during electrophoresis and were strongly adsorbed by serum proteins.  
The identity of the adsorbing proteins cannot be directly inferred from this simple 
experiment, but albumin is the most prevalent plasma protein, it is negative in 
charge, and it has a propensity for binding ‘sticky’ epitopes, reflected in its common 
use as a blocking agent for in vitro assays.  Therefore, this protein is likely to be an 
important contributor to adsorption (see below).   
 
7.1.2 Quantum Dot Size and Charge.  From the preceding section, it may seem that 
serum adsorption to quantum dot surfaces is inevitable and cannot be modulated 
through nanocrystal size or surface charge.  However this conclusion is misleading, 
as each of these surface coatings resulted in different overall nanoparticle size, 
charge, colloidal stability, and chemical functionality.  Independently altering these 
parameters will be necessary in order to understand the phenomena intrinsic to 





Figure 7.2 depicts the results of a nonspecific serum adsorption experiment using 
CdTe quantum dots coated with the multidentate polymer ligand (Chapter 5).  The 
core size was either 2.5 nm, yielding a 5.5 nm hydrodynamic diameter, or 4.5 nm, 
yielding a 7.5 nm hydrodynamic diameter.  The 2.5 nm quantum dots have 
essentially the same gel mobility in the presence or absence of serum, although a 
very small quantity of these nanocrystals form a small band with lower mobility after 
serum adsorption (left gel, compare lanes 0x-PBS and 0x-Serum).  For the 4.5 nm 
quantum dots, the contrast is stark; the nanocrystals have a different mobility after 
serum adsorption, forming a new electrophoretic band, and the native band is 
completely eliminated (right gel, compare lanes 0x-PBS and 0x-Serum).  This data 
demonstrates that nanoparticles with identical surface properties have a size-
dependent propensity for protein adsorption, with smaller nanoparticles being 
considerably more resistant to nonspecific interactions. 








Figure 7.2: Nonspecific serum binding of CdTe nanocrystals with two core 
sizes (2.5 nm and 4.5 nm) and different surface charges.    Agarose gel (0.7%) 
electrophoresis was performed in pH 8.5 sodium borate buffer. Quantum dots were 
coated with the multidentate polymer and diluted in PBS, resulting in a hydrodynamic 
size of 5.5 nm for the 2.5 nm cores and 7.5 nm for the 4.5 nm cores. Quantum dots 
were then mixed with fetal bovine serum (50%), incubated at 37C for 1 hour, and 
subjected to agarose gel electrophoresis.  In addition, various amounts of PEG-thiol 
(2000 Da) were added, as indicated by the values above the lanes (0-1000 molar 
excess).  The fluorescence image of this agarose gel was obtained with ultraviolet 
illumination and a long-pass filter, showing the ~530 nm emission and ~660 nm 
emission from the small and large quantum dots, respectively. 
 
 
In order to determine if these binding characteristics can be altered through 
modulation of the surface charge, these same multidentate ligand-coated quantum 
dots were incubated for 24 hours with 2000 Da PEG-thiol in a 10x, 30x, 100x, or 
1000x molar excess.  This thiolated ligand is capable of binding directly to the 
nanocrystal surface to a yield shell of non-ionic PEG.  Gel electrophoresis indicates 
that incubation of 2.5 nm or 4.5 nm CdTe quantum dots with this polymer can reduce 
the surface charge of the multidentate ligand coating through by this mechanism (left 
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gel, compare PBS lanes 0x-1000x; right gel, compare PBS lanes 0x-1000x). As more 
PEG was added to the quantum dots, their electrophoretic mobility was significantly 
reduced until the surface was completely neutralized.  It is currently unclear if these 
ligands displaced the strongly bound multidentate ligand or it these ligands just 
adsorbed to empty patches on the crystal surface, reducing the surface charge by 
steric shielding. 
 
When 2.5 nm quantum dots were completely PEGylated, they were roughly 14 nm in 
hydrodynamic diameter, as determined by dynamic light scattering, and neutral in 
surface charge with nearly zero electrophoretic mobility. After this surface 
modification, these nanocrystals were still completely resistant to protein adsorption, 
showing the same mobility in the presence and absence of serum (left gel, compare 
lanes 1000x-PBS and 1000x-Serum).  A similar resistance to protein adsorption was 
obtained for the PEGylated 4.5 nm cores, although they did yield a small mobile band 
in the presence of serum (right gel, compare lanes 1000x-PBS and 1000x-Serum).  
In between the two extremes of anionic and neutral surface charge, 2.5 nm CdTe 
quantum dots with a partially PEGylated surface remained resistant to serum 
adsorption (left gel, compare lanes 10x-1000x-PBS and 10x-1000x-Serum), whereas 
a molar excess of at least 100x PEG-thiol was necessary to eliminate the majority of 
nonspecific serum adsorption for larger 4.5 nm cores (right gel, compare lanes 10x-
1000x-PBS and 10x-1000x-Serum).  Taken together, these data indicate that 
ultrasmall quantum dots (< ~6 nm) have an inherent capacity to resist nonspecific 
protein binding.  However, larger particles may also be rendered non-stick through 
the adsorption of non-ionic polymers like PEG, but a high surface concentration is 




These findings could not have been observed without the strongly bound 
multidentate polymer, allowing the production of extremely compact quantum dots 
with high colloidal stability.  Many other compact quantum dots have been prepared 
with sizes smaller than 6 nm, but they are always coated with monovalent thiolated 
ligands which quickly desorb from the quantum dot surface, reducing their stability 
and increasing their propensity for nonspecific binding.  In order to determine if 
nanocrystals coated with monovalent ligands show similar binding attributes as those 
coated with stable multidentate ligands, CdTe nanocrystals with sizes of 3.0 nm and 
5.0 nm were coated with thioglycerol, resulting in hydrodynamic diameters of 4.0 and 
6.5 nm, respectively.  To preserve colloidal stability, these particles were maintained 
in a solution containing a large excess of ligand (10 mM).  These nanocrystals were 
then diluted in PBS, serum, or PBS containing albumin (3% w/v) and incubated at 
37C for 1 hour.  Agarose gel electrophoresis revealed that the small nanocrystals 
were strongly resistant to serum protein adsorption compared to their larger 
counterparts.  That is, the electrophoretic mobilities of the 4.0 nm hydrodynamic 
diameter quantum dots were essentially unchanged with protein adsorption, but the 
6.5 nm quantum dots were completely different in the presence of serum or pure 
protein.  Although these results are inconclusive due to the presence of a large 
amount of reducing thioglycerol, they support the size-dependent adsorption findings 







Figure 7.3: Nonspecific adsorption of serum and albumin to quantum dots 
coated with monovalent thiols.  Agarose gel (0.7%) electrophoresis was performed 
in pH 8.5 sodium borate buffer. Thioglycerol-coated quantum dots (3.0 nm core/4.0 
nm hydrodynamic diameter and 5.0 nm core/6.0 nm hydrodynamic diameter) were 
saturated with thioglycerol (10 mM) in order to maintain stability, and mixed with PBS 
(left lane), serum (middle lane, 50%), or bovine serum albumin (right lane, 3%). The 
fluorescence image of this agarose gel was obtained with ultraviolet illumination and 
a long-pass filter, simultaneously showing the ~570 nm emission and ~680 nm 
emission from the small and large quantum dots, respectively. 
 
 
7.1.3 Mechanism of Size-Dependent Protein Adsorption.  The resistance of small 
nanocrystals to serum adsorption is a new finding that has a multifaceted 
mechanism.  Three attributes of nanoparticle interaction dominate on the ~6 nm 
scale and below: diffusivity (kinetics), surface curvature (enthalpy), and surface 
disorder (entropy).  In the first case, as the size of a colloid decreases its diffusion 
coefficient (D) increases, as given by the Stokes-Einstein relation: 
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 D = kT
6πηr
  Equation 7.1 
where r is the radius of the particle, k is Boltzmann’s constant, T is the temperature, 
and η is the solvent viscosity.  Thereby, smaller particles have greater momentum in 
solution, which disrupts weak intermolecular interactions through entropic Brownian 
motion. 
 
As the nanoparticle size decreases the probability of collisions between 
nanoparticles also decreases.  The bimolecular association rate constant 3 for two 
spherical particles of radius rA and rB is 
 𝑘𝑎 = 4πDADB(rA+rB) Equation 7.2 
For a mixture of two nanoparticles with different sizes, the rate of collision increases 
as the difference in size increases, as the larger particle can act as a ‘target’ for more 
diffusive smaller particle to hit.  This means that for colloidal nanocrystals interacting 
with proteins, diffusion-limited adsorption will be minimized for nanocrystals that are 
similar in size to the proteins.  The rate of collisional interaction between 
nanocrystals and albumin is plotted in Figure 7.4, showing a minimum rate constant 
for nanocrystals with the same diameter as albumin.  However serum contains 
proteins with a wide range of macromolecular size and shape, and the rate of 
adsorption will likely be more complex.  Nevertheless, nearly all serum proteins are 
hydrodynamically between 3 and 10 nm, which means that nanocrystals within this 





Figure 7.4: Calculated association constant for collision-limited adsorption 
between albumin and nanoparticles of different sizes at 1 μM concentration.  The 
lowest probability of collision is for nanoparticles with the same hydrodynamic size as 
albumin, 7.1 nm diameter. 
 
 
Diffusion rates and collisional frequencies can only control the kinetics of adsorption; 
attractive forces must be present for adsorption to be a thermodynamically favorable 
process.  The nature of the chemical and physical interactions between nanocrystals 
and proteins cannot be elucidated without analyzing specific protein-nanoparticle 
combinations, but most adsorption events are likely due to a combination of ionic and 
van der Waals forces.  Electrostatic forces are much more long-range than van der 
Waals forces, and therefore minimizing ionic charge is important for reducing 
electrostatic adsorption, as well as minimizing induced-dipole attractions.  These forces 
may also be magnified through multivalency, as discussed in Chapters 5 and 6.  
Thereby, the maximum number of interactions possible between two like-sized particles 
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increases with the nanoparticle surface area.  In addition, the number of geometrically 
allowable multivalent interactions is dictated by surface curvature.  That is, a smaller 
nanoparticle has a greater surface curvature, and the distance separating individual 
chemically attractive moieties increases as the size decreases.  For a very small 
nanocrystal, the surface curvature is so high that only a few adsorption events can occur 
between nanoparticles, and thus the total energy of attraction will be lower.  A larger 
particle will have a flatter surface, allowing a larger number of multivalent interactions 
per particle.  For the interaction of a quantum dot with a serum protein, such as albumin, 
the valency of interaction will decrease with decreasing nanoparticle size.  At some size 
cutoff, there will be so few interactions that they will no longer be sufficient to immobilize 
proteins on the nanocrystal surface, and the nanocrystals will have a reduced binding 
propensity.  This phenomenon is minimized when the nanocrystals are the same size, or 
smaller than the proteins to which they adsorb. 
 
This rationale may help to establish why biological macromolecules such as globular 
proteins are naturally resistant to nonspecific intermolecular adsorption in biological 
fluids, resulting in serum protein circulation half-times of days to months.  However a 
direct comparison between proteins and nanocrystals is unsatisfactory, as nanocrystals 
are physically dissimilar from organic proteins in many ways.  Proteins have a high 
degree of ordered rigidity built into their secondary and tertiary structures, yet their 
surfaces are rich with hydrophilic residues that are flexible and entropic.  The surface 
disorder associated with proteins may help to explain their inherent colloidal stability 
compared to colloidal nanocrystals.  Nanocrystals are hard, ordered structures with 
nearly zero entropy at room temperature, and their surface atoms are immobile.  An 
organic interface with a liquid medium is crucial for the stabilization of nanocrystals as 
colloids.  However the volumetric proportion of the organic domain and its means of 
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adhesion to the nanocrystal surface dictate how entropic the surface is.  For a specific 
organic surface coating thickness, the fraction of organic domain to crystalline domain 
increases as the size decreases.  For example, CdTe nanocrystals coated with a 
monolayer of the multidentate polymer have an organic shell that is ~1.5 nm thick.  This 
means that the total organic volume on a 2.5 nm core will be ~10 times the amount of 
crystal volume, compared to a ratio of ~1.5 for a 5.5 nm nanocrystal core (Figure 7.5).  
This high fraction of organic composition allows the total nanoparticle to behave more 
like an organic molecule than a hard sphere, with a higher degree of surface entropy.  
This will energetically favor thermal interaction with the solvent, rather than the formation 
of an ordered protein-adsorbed structure.  Quantum dots coated with small monovalent 
ligands are especially prone to surface entropic ordering, as the orientation of ligands is 
dictated by the atoms of the underlying crystalline facets, and even 2.5 nm nanocrystals 
coated with thioglycerol have a higher fraction of crystalline domain than organic 
domain.  In the opposite extreme, nanocrystals coated with linear PEG chains are 
extremely stable due to the high entropic energy of solubilization of PEG, yet such 







Figure 7.5: Ratio of organic shell to crystalline core domain size by volume.  Ratios 
are calculated for small molecule ligands (thioglycerol, 0.5 nm thickness), multidentate 
ligands (1.5 nm thickness), and amphiphilic polymers (3.5 nm thickness). 
 
 
Another important difference between proteins and nanocrystals is the role of surface 
domain curvature.  As mentioned above, colloidal nanocrystals like quantum dots are 
essentially hard spheres coated with mobile organic surface domains.  However 
geometrically spherical proteins do not really exist for direct comparison.  Even large 
globular proteins have grooved surfaces with ridges rich with microdomains.  These 
structures function to effectively increase the surface curvature, such that very few 
intermolecular binding events are possible.  For instance, antibodies have a molecular 
weight of ~150 kDa, which would correlate to a 10 nm spherical globular protein.  
However, antibodies are far from spherical, containing three domains of ~50 kDa linked 
together through a Y-shaped hinge region.  Globular proteins with a molecular weight of 
50 kDa have a hydrodynamic size of ~6.5 nm, which is similar to that of albumin.  Such 
surface intricacy is prevalent throughout biology, especially in giant protein structures, 
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like the ribosome and large macromolecular motors, and may be a natural evolutionary 
tendency for minimization of nonspecific interactions.  These attributes point toward the 
use of nanocrystals with alternative architectures, such as nanorods or tetrapods, which 
can maintain a much higher surface curvature and diffusivity for larger sizes of particles 
compared to spherical quantum dots. 
 
7.2 Cellular Binding and Uptake of Quantum Dots 
For intracellular imaging of living cells and tracking membrane receptors with 
quantum dots, it is vital to understand the mechanisms of interaction between 
nanoparticles and living cells in culture.  Most importantly, it is critical to eliminate 
nonspecific interactions with the plasma membrane, understand the mechanism of 
nanoparticle uptake, and minimize secondary effects of quantum dots, such as 
cytotoxicity or changes in osmotic pressure.  In this section, the nanocrystal size and 
surface properties are correlated with their interaction with cultured cells and their 
fate within cells for the goal of generating quantum dots optimized for labelling of 
living cells. 
 
7.2.1 Cell Culture and Assay Protocols. HeLa cells were cultured in ATCC-
modified Eagle’s Minimum Essential Medium (EMEM) with 10% fetal bovine serum at 
37ºC (5% CO2), and grown in 8-well LabTek chambers (Nalgene Nunc) to achieve 
20% confluency. Twenty-four hours after seeding, cells were rinsed with serum-free 
medium and serum-free medium containing quantum dots (20 nM) was added. After 
20 minutes at 37ºC, imaging was performed with a spinning disk confocal microscope 
(Ultraview, Perkin Elmer) using 488 nm laser excitation, a long pass filter, and a high 




A431 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% 
fetal bovine serum at 37ºC (5% CO2), and grown in 96-well plates. Twenty-four hours 
after seeding at 23,000 cells per well, cells were rinsed with serum-free medium, and 
a solution of quantum dots (1-100 nM) in serum-free Hank’s Buffered Salt Solution 
(HBSS) was added. After 2 hours at 37ºC, the cells were stained with Hoechst 
nuclear dye (10 μL per well, 10 μg/mL) for 20 minutes at room temperature in the 
dark. The cells were then washed three times with HBSS and imaged with 
epifluorescence and brightfield microscopy. 
 
7.2.2 Quantum Dot Charge Effects.  The electrostatic charge associated with small 
molecules, macromolecules, and large colloids significantly impacts their association 
with biological molecules and cellular structures, and can modulate cellular 
internalization and subcellular distribution.  To study this effect using quantum dots, 
6.5 nm (CdSe)ZnS nanocrystals with 6 different surface coatings (see Chapter 5) 
were mixed with subconfluent monolayers of cultured HeLa cells for 20 minutes.  
Figure 7.6 shows fluorescence confocal micrographs overlaid on brightfield images, 
revealing the surface-dependence of the interactions between quantum dots and 
cells.  Nanocrystals coated in neutral polyethylene glycol (amphiphilic diblock 
copolymer, A, and lipid-PEG, D) were highly stable in solution and showed very little 
interaction with the cells.  This finding is in accord with the earlier observation of a 
reduction in nonspecific binding to serum proteins for neutralized surface coatings.  
The negatively charged colloids (mercaptopropionic acid, B, and amphipol, E) also 
showed very little cellular association, but their colloidal stability in saline solution at 
37ºC was poor, producing large aggregates on the growth substrate. These 
conditions of relatively high ionic strength, high temperature, and a medium of salts 
and biomolecules most likely decreased the anionic stabilization of these two types 
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of carboxylated quantum dots and initiated their aggregation.   This could be 
completely eliminated through PEGylation of the surface coatings (Figure 7.6F) prior 
to addition to the cells.  Neutral and anionic surface coatings resist association with 
cells due to the intrinsic negative charge of plasma membrane phospholipids, and 
cationic surface coatings promote cellular adsorption, as verified with PEI-coated 
quantum dots (Figure 7.6C).  These nanocrystals quickly associated with cells after 
addition to the medium and were highly toxic with limited active uptake unless they 
were also PEGylated.4  Therefore, for the production of highly specific probes for 
molecular imaging on plasma membranes and inside of cells, it will be necessary to 
use anionic or neutral surface coatings, although it may be possible to harness 






Figure 7.6: Quantum dots (20 nM) incubated with HeLa cells for 20 minutes at 
37ºC in serum-free medium.  Confocal fluorescence micrographs were focused 
near the cell centers.  Fluorescence images were false-colored red before they were 
overlaid on bright-field images.  (A) Quantum dots coated with the amphiphilic 
diblock copolymer have a nearly neutral surface of PEG and showed very little 
aggregation or association with cells. (B) Quantum dots coated with 
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mercaptopropionic acid are unstable and aggregated in solution, yielding insoluble 
precipitates.  (C) Quantum dots coated with polyethylenimine are stable in solution 
and rapidly associate with cellular plasma membranes. (D) Lipid-PEG encapsulated 
nanocrystals show little aggregation or cellular uptake.  (E) Quantum dots coated in 
amphipols aggregate and precipitate outside of cells.  (F) Quantum dots coated in 
amphipols and then conjugated to PEG show similar behaviour as the other 
PEGylated quantum dots. 
 
 
7.2.3 Quantum Dot Size Effects.  The new discovery of a reduction in nonspecific 
interactions for protein-sized quantum dots may lead to the development of new types of 
specific cellular probes.  To test the interaction between such small nanocrystals and 
cells, CdTe nanocrystals (2.5 nm) with green emission (530 nm) were coated with the 
multidentate polymer (Chapter 5), resulting in a hydrodynamic diameter of 5.5 nm.  
These nanocrystals were found to have markedly decreased adsorption to serum 
components in earlier studies.  After incubation with A431 cells for 2 hours, these 
quantum dots also showed no visible fluorescence in cellular cytoplasms or nuclei 
(Figure 7.7).  However, consistent fluorescence contrast was observed in cellular debris 
and dead cells.  This suggests that these small nanocrystals can get trapped in the small 
pores of collapsed cellular structures and aggregated proteins, yet they cannot penetrate 







Figure 7.7: Uptake of 5.5 nm quantum dots by A431 cells.  Cells were incubated with 
a 100 nM solution of quantum dots for 2 hours at 37ºC, washed three times, and imaged 
via epifluorescence microscopy (top) and brightfield microscopy (bottom).  The top 
image shows an overlay of the blue (Hoechst dye) and green (quantum dot) channels, 
showing no internalization of the quantum dots inside living cells.  Fluorescence is noted 
in cellular debris or dead cells, which was a rare event.   
 
 
Previously it was shown that the addition of PEG-thiol to small CdTe quantum dots 
coated with the multidentate polymer resulted in neutralization of the surface charge as 
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well as a preservation of their resistance to nonspecific adsorption (Figure 7.2).   
Extending these findings to cellular interactions, quantum dots incubated with a 1000x 
excess of PEG-thiol were added to A431 cells under the same conditions used above 
(Figure 7.8).  The quantum dots still did not enter living cells or adhere to their surfaces, 
but this modification essentially eliminated the interaction between the nanoparticles and 
dead cells and debris.  It is likely that the increase in size due to PEGylation prevented 
the penetration of these quantum dots into the small pores in the plasma membranes of 








Figure 7.8: Uptake of PEGylated quantum dots by A431 cells.  Quantum dots were 
incubated with a 1000x molar excess of 2000 Da PEG-thiol for 24 hours.  Cells were 
incubated with a 100 nM solution of quantum dots for 2 hours at 37ºC, washed three 
times, and imaged via epifluorescence microscopy (top) and brightfield microscopy 
(bottom).  The top image shows an overlay of the blue (Hoechst dye) and green 
(quantum dot) channels, showing no fluorescence contrast from quantum dots.  





Figure 7.2 demonstrates that larger quantum dots (4.5 nm core, 7.5 nm hydrodynamic 
diameter) are significantly more prone to nonspecific binding of serum proteins 
compared to smaller nanocrystals.  To determine if this relationship similarly impacts 
their association with cells, these 7.5 nm nanoparticles were incubated with A431 cells 
under similar conditions as those used above.  These nanocrystals were quickly 
internalized, staining internal regions of each cell as well as the cell periphery (Figure 
7.9).  The quantum dots accumulated in a brightly fluorescent spot near the center of 
each cell, which superficially suggests nuclear localization.  However a Hoechst dye 
costain reveals that this stained region is actually outside of the cellular nucleus (Figure 
7.10).  This staining pattern is consistent with localization to the microtubule organizing 
center (MTOC), which is in accord with literature reports of an endocytotic mechanism of 







Figure 7.9: Uptake of 7.5 nm quantum dots by A431 cells.  Cells were incubated with 
a 100 nM solution of quantum dots for 2 hours at 37ºC, washed three times, and imaged 
via epifluorescence microscopy (top) and brightfield microscopy (bottom), focusing near 
the centers of cells.  The top image shows false color images of red quantum dot 
fluorescence, showing strong intracellular uptake.  Fluorescence was not found in 







Figure 7.10: Costain of A431 cells with Hoechst nuclear stain and 7.5 nm CdTe 
quantum dots.  Quantum dot contrast was found outside of the nucleus, except in some 
cells, in which the nanocrystals appear either on the top or bottom of the nucleus, out of 




In conclusion, quantum dots with a hydrodynamic diameter smaller than 6 nm exhibited 
a dramatic decrease in cellular internalization and binding compared to larger quantum 
dots.  The forces at play are likely to be similar to those described earlier for nonspecific 
protein binding to quantum dots.  That is, larger particles have a natural tendency to 
nonspecifically bind to cellular surface structures and plasma membrane proteins, 
inducing binding events that can initiate endocytosis.  The MTOC localization of these 
quantum dots is consistent with an endocytotic mechanism of uptake, as endocytotic 
vesicles are transported to the MTOC region via active molecular machinery.    The use 
of a thin multidentate ligand coating also precludes the widespread aggregation of 
traditional anionic polymeric coatings and monovalent ligands (Figure 7.11).  In addition, 
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these cells did not show any signs of overt toxicity or abnormal behaviour in the 
presence of 100 nM quantum dots.  Taken together, these results suggest that these 
compact quantum dots are significantly more useful for labelling of live cells compared to 






Figure 7.11: Staining comparison between CdTe quantum dots coated with an 
amphiphilic polymer (A) and the multidentate polymer (B).  Cells are costained with 
a Hoechst dye for nuclear contrast.  Homogeneous quantum dot samples were used for 
both experiments, but significant aggregation of quantum dots coated with the 
amphiphilic polymer resulted from a combination of cellular adhesion and colloidal 
destabilization under biological conditions. 
 
 
7.3 Bioconjugation to Polyhistidine-Tagged Proteins 
Minimizing nonspecific interactions is only half of the means to generating specific 
optical probes for biomedicine.  Introducing a biorecognition capability is fundamental to 
modern molecular medicine, targeted therapy and imaging, and cell and tissue labeling.  
Many methods have been described for coupling colloidal particles to 
biomacromolecules like antibodies and nucleic acids, as well as small molecule ligands 
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and enzyme substrates (see section 2.3.4.4).  Among these, covalent conjugation and 
streptavidin-biotin coupling have been the most commonly used, yet more recent 
recombinant protein strategies have made great strides in improving coupling efficiency 
and controlling the geometry of crosslinking.5-13  Recombinant protein methods 
developed for high-yield purifications, such as terminal polyhistidine-labeling, have been 
used to induce spontaneous protein self-assembly on nanocrystals containing surface 
metal ions, resulting in a high efficacy of bio-specificity.5,7,8  Such methods have been 
previously limited by the overall size and stability of the resulting probes, and this section 
aims to overcome these issues with the implementation of ultrasmall quantum dots 
prepared within this thesis (Chapter 5).  The results demonstrate a high efficiency of self-
assembly, high stability, as well as the capacity to prepare modular protein A-modified 
probes with affinity for nearly antibody. 
 
7.3.1 Quantum Dot-Protein A Conjugation. Protein A is an exceptional candidate for 
constructing a modular biospecificity adaptor for quantum dots.  This bacterial protein 
binds to the Fc region of immunoglobulins, leaving the antigen-binding F(ab’)2 domains 
directed away from the protein, and has a wide species specificity.  Thereby, a Protein 
A-quantum dot conjugate would be capable of specifically binding a wide range of 
antibodies (Kd =10 pM to 100 nM)
14 with outward direction of the antigen binding units.  
Protein A is 42 kDa, or roughly 6 nm in hydrodynamic diameter, and contains 4 antibody 
binding domains, which could allow for the binding of multiple antibodies for a single 
quantum dot for increased multivalent affinity for antigens. 
 
In order to couple Protein A to quantum dots, a recombinant version of the protein with 
an N-terminal his(6) sequence (Clontech) was tested for specific binding to (CdSe)ZnS 
quantum dots coated with the multidentate polymer.  Semiconductor nanocrystals 
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coated with small monovalent ligands have previously been shown to specifically self-
assemble with  his-tagged proteins with a binding constant of ~1 nM.15  Protein A was 
covalently linked to the fluorescent dye Alexa 546 (Molecular Probes) in order to monitor 
binding events.  Small green quantum dots with a nanocrystal size of 3.65 nm and a 
hydrodynamic size of ~7.2 nm were mixed in different ratios with the dye-conjugated His-
tagged protein, and allowed to equilibrate for at least 24 hours.  Figure 7.12 shows color 
photographs of the results of agarose gel electrophoresis for these quantum dot-protein 
mixtures. On the left gel, the pure quantum dots without any protein, labeled ‘0’, were 
anionic in borate buffer (pH 8.5) and migrated from the lanes toward the anode 
(downward).  Pure Protein A (lane labeled ‘Protein A’) has a weaker negative charge 
and consequently it had a shorter migration distance.  The gel labeled with yellow 
numbers depict quantum dots conjugated to his-tagged, dye-conjugated Protein A, with 
Protein A:quantum dot ratios of 0:1 to 4:1.  With increasing amount of protein, the 
migration distance of the quantum dots decreased due to the increase in hydrodynamic 
size caused by conjugation.  This size increase was verified by size-exclusion 
chromatography (data not shown). In addition, the nanoparticle band became yellow due 
to the fluorescent color of the dye (~2 dyes per Protein A).  The same experiment was 
also performed using Protein A that was not labeled with a dye, depicted in the next 
lanes labeled with white numbers.  These bands show essentially the same migration 
distances as those with the dye, suggesting that dye conjugation to the protein A does 







Figure 7.12: Color image of conjugates of Protein A and green quantum dots in an 
agarose gel following 45 minutes of electrophoresis at 100V.   Wells are at the top 
of the image, and all particles and proteins ran toward the anode (bottom).  The numbers 
at the tops of the lanes represent the Protein A:quantum dot ratio (e.g. ‘4’ is 4 protein A 
per 1 quantum dot).   The quanum dots are green and protein A was labeled with the 
yellow dye Alexa 546.  The left gel depicts quantum dots mixed with recombinant protein 
A containing a His-tag, with or without dye conjugation.  The right gel depicts quantum 
dots mixed with native protein A (no His-tag) with or without dye conjugation.  See text 
for discussion.  Pure protein A is included in the 8th lane for each gel.  Blue haze from 
the image caused by the agarose gel was digitally removed  with prudence to preserve 
the color and intensity of the green and yellow fluorescence. 
 
 
The gel on the right of Figure 7.12 shows the same coupling reactions as those on the 
left, except that Protein A was a native nonrecombinant version that lacks a polyhistidine 
tail.  The nanocrystals retained their original long migration distance bands, and were 
effectively purified from Protein A through electrophoresis.  However, a small amount of 
green-yellow streaking arose between the quantum dot and Protein A bands at high 
protein concentrations (e.g. see band ‘4’) which suggests a small degree of nonspecific 
adsorption between the nanocrystals and the protein.  This is not unexpected, as these 
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particles are larger than the previously discussed ~6 nm threshold for limiting nonspecific 
adsorption to 6 nm Protein A, and no additional precautions were taken to reduce such 
effects (e.g. addition of albumin or surfactants).  The lanes labeled with white numbers 
on the right gel confirm that these nonspecific binding events are due to protein-quantum 
dot adsorption and not due to the dye conjugation. 
 
Figure 7.13 depicts larger quantum dots coupled to Protein A.  These (CdSe)ZnS 
nanocrystals had a ~6.5 nm crystalline core and a hydrodynamic diameter of ~9.5 nm.  
These larger particles also specifically assembled with the his-tag on Protein A, as 
verified by the gradual decrease in migration distance with increasing protein:quantum 
dot ratio (see the first 5 lanes labeled with yellow numbers).  However, in accord with 
previous findings in this chapter, these particles were much more prone to nonspecific 
adsorption than their smaller counterparts. A 4:1 ratio of protein:quanutm dot resulted in 
complete adsorption of the free quantum dots even when the protein had no 
polyhistidine sequence, as depicted in the 4(N) lanes.  Again, the nonspecific 
interactions of larger particles preclude their use as sensitive and specific probes, 
although it is possible that these interactions may be overcome through surface 








Figure 7.13: Real color image of Protein A-quantum dot conjugates in an agarose 
gel following 45 minutes of electrophoresis at 100V.   Quantum dots were 6.5 nm in 
crystalline diameter and 9.5 nm in hydrodynamic diameter.  Wells are at the top of the 
image, and all particles and proteins ran toward the anode (bottom).  The labels at the 
tops of the lanes represent the Protein A:quantum dot ratio or pure Protein A.   All 
mixtures used his-tagged recombinant Protein A, except for those labeled with ‘N,’ 
indicating the native protein with no polyhistidine sequence.  The quanum dots are red 
and Protein A is labeled with the yellow dye Alexa 546.  The intense brightness of the 
quantum dots obscures any yellow fluorescence from the protein conjugates.  See text 
for further discussion. 
 
 
It is interesting to note that these nanocrystal-protein conjugates do not form 
instantaneously.  Instead, self-assembly requires hours to days to equilibrate, as 
determined by fluorescence spectroscopy (see section 7.3.3) and gel electrophoresis.  In 
contrast, Mattoussi and coworkers have reported that the equilibration of his-tag proteins 
and quantum dots coated with small molecular ligands occurs in 10-15 minutes.15  This 
finding is not surprising in light of the different surface coatings of these materials.  Small 
molecule ligands such as hydrophilic thiols are known to desorb from the nanocrystal 
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surface, and have a relatively low affinity.16,17  The multidentate polymer ligand 
significantly increases this affinity, and provides fewer available binding sites on the 
nanocrystal surface for the polyhistidine tail.  In addition, the polymeric coating provides 
a steric barrier to association with the protein. Currently the mechanism of self-assembly 
is unclear and merits further study.  If binding requires part of the polymer to briefly 
desorb from the surface, it may be possible to increase the speed of binding with mild 
heating.  Alternatively, if the polyhistidine tag is capable of disrupting the polymeric 
coating, this process should be strongly dependent on the length and chemistry of the 
peptide tail.  Finally, because the on-rate of the specific association is dramatically 
decreased, it may be possible that the off-rate will be altered as well.  Studies on the 
effects of the multidentate polymer coating on the dissociation constants are ongoing. 
 
7.3.2 Quantum Dot-Protein A-IgG Conjugation. In order to determine if the quantum 
dot-Protein A conjugates can be used as modular adaptors for IgG conjugation, green 
quantum dots with a 1:1 ratio of Protein A were prepared and mixed with various 
amounts of rabbit anti-goat IgG (Invitrogen).  Each Protein A has 4 binding sites for IgG, 
but only 2 are simultaneously active, so it is possible that up to 2 IgG molecules can bind 
to each conjugate, although steric considerations may be limiting.  Protein A was labeled 
with the fluorescent dye Alexa 594.  Figure 7.14 depicts an agarose gel after 
electrophoresis of these conjugates.  On the left, the first lane shows the original green 
quantum dots (labeled ‘QD), and the second lane shows the quantum dots conjugated 
1:1 with protein A (labeled ‘QD-Protein A’), with a yellow color due to the Alexa dye on 
Protein A.  The next 5 lanes labeled with red numbers show these conjugates after 
incubation with increasing amounts of IgG, labeled with a red dye.  It can be seen that 
the migration distance of the quantum dots steadily decreases up to a ratio of 1:1 in 
association with red fluorescence, confirming an increase in size and association with 
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IgG.  Increasing the amount of protein to 2:1 may further decrease the migration 
distance (see gel in Figure 7.15 with longer electrophoretic duration), which suggests 
that it may be possible to bind more than one IgG to each Protein A.  In the second set 
of lanes labeled with red numbers, the same experiment was performed using Protein A 
that was not conjugated to a dye, confirming that the dye did not block the IgG-binding 
domain of Protein A, and did not disrupt its functionality.  On the gel on the right (labeled 
F(ab’)2), the same experiment was performed again, except the antibody was first 
cleaved to remove the Protein-A-specific Fc domain, leaving the F(ab’)2 antigen binding 
domains.  The nanocrystals were mixed with these antibody fragments in the same 
ratios, and no binding was observed, as the original yellow bands remained for all of the 
antibody:quantum dot ratios.  This control verifies that the binding of the antibody to the 
nanoparticle construct was specific, and would be expected to yield directional 
orientation of the antibody on the nanocrystal surface for antigen binding.  It is important 
to note that no purification steps were performed in any of the processes implemented 
herein.  The self-assembly between these nanocrystals, polyhistidine-tagged proteins, 
and antibodies is highly specific and robust, and no significant dissociation has been 
observed.  This asset is far reaching, as purification of nanoparticle constructs is often a 
limiting step in conjugation, especially for small sized particles, which are 






Figure 7.14: Real color image of Protein A-quantum dot conjugates mixed with 
varying amounts of antibodies in an agarose gel following 45 minutes of 
electrophoresis at 100V.   Wells are at the top of the image, and the anode is at the 
bottom.  Quantum dots (QDs) are shown with green fluorescence, in addition to quantum 
dots coupled 1:1 with his-tagged Protein A (QD-Protein A), which was labeled with Alexa 
546 (yellow) or not labeled (green).  The numbers at the tops of the lanes represent the 
antibody:quantum dot ratio (e.g. 4 is 4 IgG per 1 quantum dot-Protein A conjugate).  On 
the left gel, the antibody is whole, and can bind to Protein A, whereas the Fc fragment is 
cleaved off on the right gel (F(ab’)2).  An image for longer electrophoresis time is shown 








Figure 7.15: Gel image after 90 minutes of electrophoresis, corresponding to lanes 
2-7 (QD-Protein A, 0.5, 1, 2, 4, and 8) of the left gel in Figure 7.14. 
 
 
7.3.3 Optical Properties of Protein-Quantum Dot Conjugates. It has been noted in 
the literature and verified in this work that the binding of his-tagged proteins to 
(CdSe)ZnS quantum dots increases the quantum efficiency of the nanocrystals.5,8  
Figure 7.16 shows spectra of green quantum dots in the presence of increasing amounts 
of recombinant his-tagged Protein A, demonstrating a nearly two-fold increase of 
quantum efficiency, from 31% to 58%.  These nanocrystals were purposely prepared to 
be as small as possible, with a minimal shell thickness of ~1.5 monolayers of ZnS, which 
leads to lower quantum efficiency in water than nanocrystals with thicker shells.1,18,19   
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This is known to induce nonradiative surface-defects, which can be removed through 
surface modification or annealing.20-22  The increase in photoluminescence efficiency 
with the binding of basic amine-containing polyhistidine peptides is likely the result of the 
passivation of surface defects.  Indeed, in nonpolar solvents, adsorption of basic amine-
containing ligands to (CdSe)ZnS quantum dots leads to an increase in quantum yield.23-
25  However, these nanocrystals also exhibit significant deep trap emission at longer 
wavelengths, which is a radiative form of surface related defects.  Surprisingly his-tag 
binding did not modify this defect.  Instead, the band-edge luminescence increased 
independently of the deep trap emission, suggesting that there are two independent 
types of surface related defects in these quantum dots 
 
 
Figure 7.16: Fluorescence spectra of (CdSe)ZnS quantum dots mixed with 
different amounts of His-tagged protein.  The spectrum of pure quantum dots is 
black, showing significant deep-trap emission.  Adding His-tagged proteins increased the 
quantum efficiency of the bandgap emission (arrow indicates 0 to 4 proteins per 
quantum dot).  In the inset, the spectra of 0:1 and 4:1 protein:quantum dot ratios are 
normalized to show the relative changes in the band-edge and deep trap emission.  The 




In the preparation of the Protein A conjugates in section 7.3.1, the organic dye Alexa 546 
was specifically chosen to match the spectral properties of the green quantum dots in 
order to generate an efficient energy transfer pair (Figure 7.17).  Fluorescence 
resonance energy transfer (FRET) has been a highly successful means of modulating 
quantum dot fluorescence, monitoring binding events, and for preparing quantum dot-
biosensors.5,6,26-30  Energy from excited state quantum dots can be efficiently accepted 
by organic dyes and other quantum dots if they are in close proximity, yielding an excited 
state acceptor which can emit fluorescent light at a longer wavelength.  The physics of 
this process have been rigorously described in the literature, and the resulting equations 
are given here.6,31,32  The Forster radius, Ro, is the distance between the donor and 
acceptor that yields 50% energy transfer efficiency: 






 Equation 7.3 
 
where I is the overlap integral between the fluorescence spectrum of the donor and the 
absorption spectrum of the acceptor (here I =3.86 x 10-13 M-1 cm3), pis the dipole 
orientation factor (usually  2/3), QD is the quantum efficiency of the donor, and nD is the 
refractive index of the solvent.  For the quantum dot-Alexa dye conjugates used herein, 
Ro was calculated to be 5.3 nm.  The FRET efficiency, E, can be calculated as: 
 E = 1 - FDA
FD
 Equation 7.4 
 
where FD is the integrated fluorescence intensity of the donor alone and FDA is the 
intensity in the presence of the acceptor.  The distance between the donor and 
acceptor, r, can then be calculated as 





 Equation 7.5 
 






Figure 7.17: Fluorescence and absorption spectra of (CdSe)ZnS quantum dots and 
the Alexa 546 dye.  Quantum dot absorption is depicted in blue and the fluorescence 
spectrum is green.  Note the deep trap emission at longer wavelengths.  The absorption 
spectrum of Alexa 546 is orange and the fluorescence spectrum is red. 
 
 
Figure 7.18 depicts the fluorescence spectra of the green quantum dots conjugated to 
his-tagged Protein A with Alexa 546 acceptor dyes.  An increase in the amount of 
conjugated protein substantially decreased the fluorescence quantum yield from the 
quantum dot, an expected characteristic for an increase in the number of acceptors on a 
single FRET donor.  However, the acceptor dye fluorescence only increased 
proportionally for the addition of up to 0.5 proteins per quantum dot (~2 dyes per 
protein).  The distance between the donor and acceptor was calculated to be 5.06 nm, 
which is close to the predicted value of 4.8 nm from the nanocrystal radius from TEM 
(1.83 nm) and the hydrodynamic radius of protein A (3.0 nm).  The small discrepancy 
may be accounted for by the linker length of the polyhistidine sequence.  Importantly, 
352 
 
this value is less than the Forster radius (5.3 nm), allowing highly efficient energy 
transfer.  This level of quenching efficiency is not possible for larger nanocrystals, again 





Figure 7.18: Fluorescence and absorption spectra of (CdSe)ZnS quantum dots 
self-assembled with polyhistidine-tagged Protein A conjugated to a FRET 
acceptor dye (Alexa 546).  The arrow denotes increasing Protein A concentration, from 
0 to 4 proteins per quantum dot.  The quantum dot emission decreased markedly from 
its original value (black solid line), whereas the fluorescence efficiency of the dye only 
slightly increased above its original value (black dotted line). 
 
 
For conjugations of 1 protein or more per quantum dot, the acceptor fluorescence did not 
increase substantially, indicating a quenching of the quantum dots by a non-FRET 
mechanism.  Nevertheless, at a conjugation ratio of 4:1, the quantum dots were 
quenched by a surprising 97% of their original value.  The nature of this quenching 
merits further study, and may relate to the deep-trap emission states of the quantum dot, 
or the interaction of the his-tag with regions of the CdSe that are not fully passivated with 
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a shell, inducing a short-lifetime surface defect state.  Future studies will test the FRET 
efficiency in relation to the thickness of the insulating inorganic shell. 
 
 
7.4 Quantum Dot Cytotoxicity 
The potential toxicity of semiconductor quantum dots toward living cells and 
organisms is a subject of great concern.  The frequently observed cytotoxic impact of 
cadmium-based quantum dots on cultured cells has typically been attributed to the 
release of toxic, carcinogenic cadmium ions, however this correlation is not yet 
convincing.   Chapter 2 provides a detailed analysis of the cytotoxicity literature to 
date on semiconductor nanocrystals, and concludes that there is an overwhelming 
number of confounding factors that could have overshadowed the cytotoxic effects of 
cadmium in these studies.  In this section, the role of cadmium in cellular cytotoxicity 
is studied using structurally and compositionally relevant controls, divulging new 
attributes of quantum dot toxicity.  First, the cytotoxicity of cadmium is far 
overwhelmed by the cytotoxicity of selenium components.  Second, reducing the 
composition of cadmium in quantum dots by increasing the zinc content may actually 
lead to an increase in cytotoxicity toward many cell types due to the higher acidity of 
zinc.  Third, recently touted cadmium-free quantum dots composed of ZnSe are 
extremely toxic toward many cell types due to the unique surface chemistry of this 
material, resulting in the formation of highly toxic elemental selenium species.  This 
work demonstrates that many of the proven toxicity rules for organic molecules and 
metal ions cannot be directly applied to nanoparticles, for which an entire ly new 




7.4.1 Cell Culture Methods and Cytotoxicity Assays.  For analysis of cellular toxicity 
of cadmium-containing and cadmium-free quantum dots, three types of cells were 
utilized, human liver carcinoma HepG2 cells, primary human umbilical vein endothelial 
cells (HUVECs), and immortalized mouse fibroblasts (NIH3T3s).  HepG2s were cultured 
in MEM with 10% FBS, subcultured at a ratio of 1:4, and assayed at passage 4-9.  
HUVECs were cultured in EBM-2 media with EGM-2 supplements (Lonza), subcultured 
at a ratio of 1:4, and assayed at passage 6.  NIH3T3s were cultured in DMEM with 10% 
bovine calf serum, subcultured at a ratio of 1:20, and assayed at passages 4-9.  All 
cellular incubations were conducted at 37C in 5% CO2.   
 
For proliferation assays, cells were plated in black, clear-bottom 96 well plates at 
densities of 5000 cells per well for HepG2s, 2000 cells per well for HUVECs, or 1000 
cells per well for NIH3T3s.  After 24 hours of seeding, the medium was replaced with 
fresh medium containing quantum dots (100 μL complete medium plus 100 μL quantum 
dots in PBS), and the cells were incubated for 5 or 6 days.  After each 24 hour 
increment, including the initial time point, one redundant plate of cells was washed with 
HBSS or PBS, emptied, and frozen at -80C to determine the number of cells.  After 
completion of the 5 or 6 day experiment, all of the cell counts were obtained through 
DNA quantification using Hoechst 33258 dye.  The cells were thawed to room 
temperature, 100 μL of distilled water was added to each well, and the plates were 
incubated at 37C for 1 hour.  The cells were then lysed by freezing the plates at -80C 
for 3 hours.  The cells were again thawed, 100 μL of Hoechst solution (FluoReporter 
Blue, Invitrogen) was added to each well, and calf thymus DNA (Sigma-Aldrich) in tris-
EDTA buffer was used in control wells for calibration of DNA concentration.  The 
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fluorescence intensity was determined in each well using a microplate reader with 
360/40 nm excitation and 460/40 nm emission filters. 
 
For determination of cellular viability, HepG2 cells were plated at 20,000 cells per well 
and HUVECs were plated at 10,000 cells per well in black, clear bottom 96 well plates.  
After 24 hours of seeding, the medium was replaced with fresh medium containing 
quantum dots (100 μL complete medium plus 100 μL quantum dots in HBSS).  After 24 
hours of incubation with the quantum dots, the metabolic activity was determined by 
measuring cellular respiration using a colorimetric redox assay based on a tetrazolium 
salt, WST-8, 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium monosodium salt.  Cells were washed once with HBSS, and then 150 μL of 
WST-8 (Dojindo) was added to each well, followed by 2.5 hours of incubation at 37C.  
The optical density at 450 nm was then determined using a microplate reader.  Quantum 
dot uptake was too low to significantly impact the readings through optical absorption. 
 
7.4.2 Cytotoxicity of Reduced-Cadmium Quantum Dots.  Cadmium-rich and reduced-
cadmium quantum dots were prepared in order to test the conventional notion that the 
fundamental cytotoxic feature of a quantum dot is the cadmium composition.  In Chapter 
4, strain-tunable (CdTe)ZnSe quantum dots were introduced, which can have extremely 
low cadmium content, with 4-20 times less cadmium than traditional quantum dots with a 
comparable size.  CdTe cores (2.5 nm diameter) were synthesized and capped with 3 
monolayers of either ZnSe or CdSe.  Theoretically, the (CdTe)ZnSe quantum dots 
should have significantly lower cytotoxicity than (CdTe)CdSe quantum dots, because 
degradation would only initially release selenium and zinc atoms, both of which are 
biocompatible and micronutrients for cells.  These nanocrystals were coated with PEG-
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thiol and purified in aqueous solution, and their cytotoxicity was deduced from cellular 
proliferation assays. 
 
HepG2 cells are a highly relevant hepatic cell line for use in toxicological evaluation of 
nanoparticles, as they express a large number of the degradative enzymes that are 
responsible for metabolism of exogenous substances in vivo (e.g. cytochrome P450s), 
and preliminary reports suggest that the liver will be the primary site of nanoparticle 
accumulation after intravenous administration (see Chapter 2).  Quantum dot 
concentrations typically used for live cell imaging were selected (1 nM and 50 nM) for 
the (CdTe)CdSe and (CdTe)ZnSe materials.  These nanoparticle levels did not 
significantly change the growth rate of HepG2 cells over the course of 5 days (Figure 
7.19).  It is surprising that both of these quantum dots showed no cytotoxic impact on 
these cells over the course of this assay, as a 50 nM dose of nanoparticles corresponds 
to 2.8 μM Cd2+ for the (CdTe)ZnSe quantum dots and 11.2 μM Cd2+ for the (CdTe)CdSe 
quantum dots, which is close to the reported IC50 dose of cadmium chloride in HepG2 
cells (22 μM).33  This suggests that these nanocrystals may be degraded at a slow rate, 







Figure 7.19: Proliferation assay on HepG2 cells in the presence of cadmium-rich 
and reduced-cadmium quantum dots.  All of the proliferation values were within 
experimental error of the assay at all time points for both nanocrystal concentrations. 
 
 
The same proliferation assay was performed on NIH3T3 cells.  With this cell type, the 
presence of cadmium-rich (CdTe)CdSe quantum dots again did not significantly impact 
cell growth (Figure 7.20) at both high and low doses (1 nM and 50 nM).  However, the 
reduced-cadmium (CdTe)ZnSe quantum dots surprisingly inhibited the growth of these 
cells over the course of 6 days at a 50 nM dose.  This finding is unexpected and cannot 
be explained from the traditional perspective of cadmium-limiting toxicity of quantum 






Figure 7.20: Proliferation assay on NIH3T3 cells in the presence of cadmium-rich 
and reduced-cadmium quantum dots.  Proliferation values of cells exposed to 50 nM 
(CdTe)ZnSe at 4 days and beyond were significantly lower than the control and the cells 
exposed to cadmium-rich quantum dots.  At all other time points for both nanocrystal 
concentrations, all of the cell counts were within the experimental error of the assay. 
 
 
7.4.3 Cytotoxicity of Core Quantum Dots.  The two (CdTe)CdSe and (CdTe)ZnSe 
quantum dots contained either 3 or 4 distinct elements, respectively, which complicates 
the evaluation of the unique cytotoxic effects of these particles.  To this end, simple 
binary compounds were prepared to independently study the effects of individual 
elements and surface properties.  CdSe and ZnSe quantum dots were synthesized with 
a diameter of 4 nm and with identical nonpolar ligand (a mixture of trioctylphosphine and 
hexadecylamine).  It is important to emphasize that these quantum dots were identical in 
size and composition, except for the identity of the cation, which was either divalent zinc 
or cadmium.  However, ZnSe naturally has a higher affinity for most basic ligands 
(Chapter 2), and so both of these quantum dots were encapsulated in 4 different 
hydrophilic surface coatings in order to independently distinguish colloidal effects due to 
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nanoparticle stability from compositional effects.  The four different surface coatings 
were chosen to give a broad range of colloidal stabilities, from the most labile small 
molecule coatings (thioglycerol) to the most stable amphiphilic polymer coatings (lipid-
PEG).  Thiol-PEG and the multidentate polymer ligands were also used in order to 
generate nanocrystals with high solute access to the nanocrystal surface facets, with 
both neutral and anionic surfaces, respectively.  Cell proliferation and cell viability 
assays were used to evaluate cytotoxicity. 
 
Figure 7.21 shows the proliferation of HepG2 cells in the presence of CdSe or ZnSe 
binary quantum dots, with 4 different surface coatings.  In line with the observations from 
cytotoxicity assays of (core)shell quantum dots, the CdSe quantum dots did not 
significantly alter cellular growth compared to cells not exposed to quantum dots.  ZnSe 
quantum dots also showed no impact on cell growth, until the 5th day of exposure, at 
which point the cells had significantly retarded growth compared to cells that were not 
exposed to cells, and compared to cells exposed to CdSe quantum dots.  Interestingly, 
all of the four surface coatings yielded similar trends for each composition, showing that 







Figure 7.21: Proliferation of HepG2 cells in the presence of 50 nM quantum dots 
composed of CdSe or ZnSe.  See text for descriptions of the 4 different surface 
coatings.  Proliferation values for cells exposed to ZnSe at 5 days were significantly 
lower than the control and the cells exposed to CdSe quantum dots.  At all other time 
points for both nanocrystal types, all of the cell counts were within the experimental error 
of the assay. 
 
 
Figure 7.22 shows the proliferation of primary human umbilical vein endothelial cells in 
the presence of CdSe or ZnSe binary quantum dots, with 4 different surface coatings.  In 
the presence of CdSe, the cells had a higher degree of growth rate variation, but they 
were all similar to the control cells that were not exposed to quantum dots.   The only 
statistical exception was the lipid-PEG coated CdSe quantum dots, which significantly 
inhibited cell growth at the 5 day point.  In stark contrast, all of the ZnSe quantum dots 
strongly inhibited cell growth, with statistical significance at 2 days and beyond.  In fact, 
the DNA content for all of these cells markedly decreased, suggesting not only a ZnSe-
induced decrease in proliferation rate, but also necrosis and/or apoptosis. The use of 
this more sensitive primary cell type may have been vital for revealing this phenomenon 






Figure 7.22: Proliferation of HUVECs in the presence of 50 nM quantum dots 
composed of CdSe or ZnSe.  See text for descriptions of the 4 different surface 
coatings.  Proliferation values for cells exposed to ZnSe at 2 days and beyond were 
significantly lower than the control.   
 
 
Two unexpected findings have been reported so far.  First, ZnSe quantum dots are 
markedly more cytotoxic than CdSe quantum dots, independent of the surface coating.  
The mechanism of this effect is the subject of sections 7.4.4 and 7.4.5.  Second, the 
cytotoxic effect toward cells is dependent on the cell type.  To gain greater insight into 
this finding, a cellular viability assay was implemented.  This assay is a variation of the 
traditional MTT assay, which measures the activity of mitochondrial reductase enzymes 
with a colorimetric substrate.  Thus viability correlates with the rate of cellular respiration 
and metabolic activity.   Figure 7.23 shows the viability of HUVEC cells and HepG2 cells 
after 24 hours of exposure to different concentrations of lipid-PEG coated quantum dots 
composed of CdSe, ZnSe, or (ZnSe)ZnS.  These latter (core)shell quantum dots were 
added to this study in order to determine if the high toxicity of the ZnSe quantum dots 
could be modulated through surface stabilization, as sulfides are more resistant to 
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oxidation than selenides.  For the HUVEC cells, both CdSe and ZnSe quantum dots 
were found to strongly decrease cellular metabolism in a dose dependent manner.  
Although there was considerable statistical variability in the viability values, the ZnSe 
quantum dots were significantly more toxic, with an IC50 of 13.86  4.13 nM, compared 
to 44.84  11.67 nM for CdSe.  As well, overcoating of a ZnS shell significantly 
decreased the toxicity of ZnSe quantum dots, increasing the IC50 to within standard 
deviation of the CdSe quantum dots (33.49  8.12 nM), showing that the degradation 
rate of ZnSe impacts its toxicity.  The impact of quantum dot composition on cellular 
metabolism was even more striking for the HepG2 cells, which showed a nearly 4-fold 
increase in metabolic rate after 24 hours of exposure to ZnSe quantum dots at 
concentrations over which CdSe quantum dots do not significantly alter cellular viability.  
This result demonstrates that moderate concentrations of ZnSe induced either a 
proliferative response in these cells by increasing the rate of cellular metabolism, or 
induced the overexpression of mitochondrial reductase enzymes.  Addition of large 








Figure 7.23: Metabolic activity of HUVEC and HepG2 cells after a 24 hour exposure 
to various concentrations of ZnSe, CdSe, and (ZnSe)ZnS quantum dots.  All 
quantum dots were coated with lipid-PEG.  HUVECs showed a dose-dependent 
decrease in respiration in response to all of the quantum dot compositions, whereas 
zinc-containing quantum dots induced an increase in viability in HepG2 cells. 
 
 
7.4.4 Mechanism of Quantum Dot Cytotoxicity.  The cytotoxicity results described in 
section 7.4.3 cast a considerable amount of doubt on the traditional understanding of 
quantum dot toxicity from the perspective of cadmium-poisoning.  The fact that 
decreasing the content of cadmium in (core)shell quantum dots and the use of cadmium-
free ZnSe quantum dots both result in reduced cellular proliferation and viability of 
primary endothelial cells and immortalized fibroblasts suggests that other factors are 
predominant.  Colloidal impacts can be ruled out by the fact that all of the 4 surface 
coatings that were tested resulted in similar trends in proliferation in two cell types.   
 
The stark difference between CdSe and ZnSe quantum dots is obvious instantly upon 
phase transfer to water.  Aqueous ZnSe quantum dots immediately form a cloudy 
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residue in water, independent of the type of organic coating.  This residue can be 
removed as a red pellet through filtration or centrifugation, however a new precipitate will 
form quickly thereafter.  Over several months, the effect is striking (Figure 7.24), 
resulting in a completely opaque red-brick solution that began as a colorless, clear 
solution.  Elemental analysis of the red-brick precipitate revealed a composition of 
selenium, and its appearance is consistent with that of amorphous elemental selenium in 
the 0-oxidation state.
34,35
  This effect does not occur for CdSe quantum dots, which 





Figure 7.24: ZnSe quantum dots coated in lipid-PEG, prepared fresh (left) and after 
sitting at room temperature for 4 months (right). 
 
 
Selenides such as ZnSe or CdSe are in the -2 oxidation state, whereas elemental 
selenium is in the 0-oxidation state.  Therefore the release of elemental selenium from 
ZnSe must be due to an oxidative degradation mechanism.  This effect can also be 
catalyzed by ultraviolet light, as shown in Figure 7.25.  Photooxidation of CdSe quantum 
dots, in accord with results obtained in Chapter 5, resulted in a clear colorless solution, 
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whereas ZnSe quantum dots again yielded a precipitate.  ZnSe quantum dots with a 
selenium-rich surface yielded more of the precipitate at a faster rate than ZnSe quantum 





Figure 7.25: Photographs of vials containing lipid-PEG coated CdSe and ZnSe 
quantum dots stored in the dark or exposed to ultraviolet light for 48 hours.  The 
visible absorption of CdSe quantum dots was completely eliminated through 
photooxidation due to a complete dissolution of the quantum dots, yielding soluble 
selenium oxides.  The ZnSe quantum dots were synthesized to have surfaces rich with 
zinc (ZnSe+Zn) or selenium (ZnSe+Se).  After photooxidation of solutions of these 
quantum dots at the same concentration, the quantum dots with a selenium rich surface 
generated more insoluble elemental selenium product (right). 
 
 
Altogether these results show a correlation between the generation of elemental 
selenium and cytotoxicity of ZnSe quantum dots.  Selenium species are unique in their 
cytotoxic impact, as selenium is actually a micronutrient, but there is only a small 
difference in concentration between nutritionally relevant levels and cytotoxic levels.
35,36
  
In addition, selenium forms chemically diverse organic and inorganic compounds in a 
wide range of oxidation states, as well as several allotropic elemental structures, 
including nano-selenium particles.
36,37
  Elemental selenium is highly insoluble in water, 
and therefore it is difficult to compare its toxicity directly to its soluble inorganic and 
organic counterparts.  However several reports have demonstrated a high level of 
cytotoxic effects caused by selenium species in the 0-oxidation state, such as nano-
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selenium, although the toxicity is generally less than that of selenite ions due to 
differences in bioavailability and uptake.
35,38,39
  The current understanding of the 
cytotoxic mechanisms of selenium compounds implicates the reduction of oxidized 
selenium compounds in the cytosol by glutathione, resulting in the formation of toxic 
reactive oxygen species (ROS) such as superoxide radicals. 36,37,40-43  
 
The unusual oxidative production of elemental selenium by ZnSe quantum dots is likely 
to be the cause of the unexpectedly high cytotoxicity of ZnSe compared to CdSe, which 
preferentially form soluble selenium oxy anions with higher oxidation states (selenates 
and selenites).  In this proposed oxidation mechanism, ZnSe quantum dots and CdSe 
quantum dots can be engulfed by HUVEC and HepG2 cells through endocytotic 
mechanisms discussed in Chapter 2 and in Section 7.2.  After endosomal internalization, 
the ZnSe quantum dots selectively produce elemental selenium in the cell, in contrast to 
CdSe, which generates ionic selenium species.  Elemental selenium can bind to proteins 
to generate highly reactive and toxic substances,
38
 and small selenium particles, such as 
Se8 allotropes, may directly leak through the vesicle membrane due to their nonpolar 
nature.  This will induce ROS formation and cause cytotoxic effects that abate cell 
growth and viability.  The anionic selenium species of higher oxidation state generated 
by CdSe will remain in vesicles, reducing their bioavailability and oxidative capacity.  
HepG2 cells, on the other hand, produce a variety of oxidative enzymes and are more 
resistant to oxidative stress due to their hepatic biology and immortalization, compared 
to HUVECs.  Therefore these cells have a greater propensity to upregulate antioxidant 
enzymes such as reductases to combat the hyperoxidative stress imposed by selenium.  
It has been widely reported that exposure of cells to oxidizing substances like selenium 
induces reductase enzyme overexpression in order to restore a cellular redox balance 
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and avert oxidative damage,
41,43-45
 a finding that was confirmed herein (Figure 7.23).   
The increased metabolic rate of HepG2 cells after 24 hours of exposure to ZnSe may be 
interpreted as the induction of reductase enzymes to combat the intracellular oxidative 
state induced by selenium.  The capacity of HepG2 cells to overcome this oxidative state 
explains why their growth rates were not significantly affected by ZnSe exposure, 
compared to the less hardy and less enzymatically equipped primary endothelial cells. 
 
 
7.4.5 Mechanism of Oxidation of CdSe and ZnSe. The mechanisms that trigger the 
generation of elemental selenium from ZnSe and CdSe nanocrystals in aqueous solution 
can be understood from the perspective of the unique redox and acid/base chemistries 
of these materials.   
 
7.4.5.1 Redox Chemistry of Selenium. The II-VI semiconductors are labile toward 
oxidation due to the high oxidation potential of reduced chalcogenides (S2-, Se2- and Te2-
).46  The chemical reactions governing oxidation of CdS nanocrystals in aqueous solution 
have been thoroughly investigated,47-49 but the degradation of CdSe and CdTe are less 
understood.  However, the similar chemistry between these materials allows direct 
extrapolation.  The stable inorganic selenium species are the selenides (Se2-), elemental 
selenium (Se0), the selenites (Se4+), and the selenates (Se6+).  The oxidation of 
selenides (e.g. ZnSe or CdSe) by dissolved oxygen is described by the following set of 
equations and redox potentials. 
 Se
2− + 2O2
         
   SeO4
2−





         
   SeO3
2−







         
   Seo + H2O   ∆ε
o = 1.54 V  Equation 7.8  
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The positive redox potentials for these reactions indicate that oxidation of selenides 
(ZnSe or CdSe) is spontaneous under standard state conditions.  This is also the case 
for the oxidation of sulfides to sulfur, sulfite, and sulfate, with redox potentials of 1.09, 
1.18, and 2.28 V, respectively.  The oxidation potential of tellurides is higher, with 1.76 V 
for oxidation to tellurium, 2.31 V to tellurite, and 2.45 V to tellurate.  These chemical 
trends in oxidation potential are reflected in the trends in stability of the cadmium and 
zinc chalcogenides toward oxidation under oxygen-limiting conditions, with CdS > CdSe 
> CdTe.  
 
When selenides are oxidized by molecular oxygen in solution, the corresponding rate 





























 Equation 7.11 
Equation 7.11 shows that the oxidation of selenide to elemental selenium is the only 
reaction among these that is pH-dependent.  That is, direct oxidation to selenate or 
selenite ions is only dependent on the concentration of oxygen, whereas oxidation to 
selenium requires two protons.  This equation could also be written for reactions in basic 
conditions, for which a water molecule would yield a hydroxide ion, but this reaction is 
less favorable (∆εo = 1.33), and acidic medium is more appropriate for the experimental 




It is important to note that photoillumination of semiconductor nanocrystals above the 
bandgap energy results in the formation of excited state electrons.  These electrons 
have an even higher oxidation potential, which further increases the oxidation potential 
of the nanocrystal, resulting in faster degradation. 
 
7.4.5.2 Surface-Limited and Proton-Limited Generation of Elemental Selenium. 
Equations 7.6-7.11 demonstrate that it is thermodynamically favorable for selenides to 
oxidize completely to Se6+.  However, these reactions do not occur in solution under 
equilibrium conditions, but instead occur on the surfaces of nanocrystal facets, which 
causes kinetic factors do dominate.  For the oxidation of a ZnSe or CdSe nanocrystal in 
solution, oxygen molecules must traverse an organic shell to reach the crystal surface 
facet, where they may oxidize selenide ions to yield various oxidation products.  Under 
these conditions, oxygen diffusion is limiting.  Because of this, the capacity to inhibit 
solute diffusion to the nanocrystal surface has been the predominant paradigm for 
preventing quantum dot oxidation and degradation.17,50  Similar mechanisms limit the 
rates of electrochemical reactions on electrodes due to the presence of an electrical 
double layer. 
 
Analysis of Equations 7.8 and 7.11 reveals that the limiting reagent for the oxidation of 
selenide to elemental selenium is the hydronium ion.  Whereas oxygen is the only solute 
required to oxidize selenides to the 4+ and 6+ oxidation states, oxidation to elemental 
selenium requires both oxygen and a proton.  At biological pH in an aerobic environment 
at standard temperature and pressure, the concentration of oxygen in solution (~0.5 mM) 
is more than 4 orders of magnitude greater than the concentration of hydronium ions 
(~25 nM).  Even in acidic endosomal vesicles, the oxygen concentration would still be 
much higher ([H+] = ~0.01 mM).  In addition, hydrophobic bilayers on quantum dots are 
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expected to have greater permeability toward neutral oxygen molecules, rather than 
cationic hydronium ions.  Therefore, the kinetics of oxidation would favor the reactions 
for which only oxygen is required (Equations 7.6 and 7.7), which would yield purely 
selenate and selenite ions, rather than elemental selenium. 
 
7.4.5.3 Generation of Surface Protons from Zinc Hydration.  One way for the selenide 
nanocrystals to bypass the concentration- and diffusion-limited access of protons is 
through the self-generation of hydronium ions directly on the nanocrystal surface.   Metal 
cations are almost always acidic in aqueous solution, due their capacity to deprotonate 
their hydration shells.  The weak acidities of Zn2+ and Cd2+ ions are shown in the 
following two equations 
 Zn
2+ + 2H2O
         




   𝐾𝑎  = 3.33 × 10
−12 Equation 7.12 
 Cd
2+ + 2H2O
         




  𝐾𝑎  = 1.39 × 10
−14  Equation 7.13 
Zn2+ is much more acidic than Cd2+ because it is a smaller ion and it is more soluble in 
water.   Importantly, a comparison of Equations 7.12 and 7.13 shows the rate constant 
for Zn2+ is 240 times greater than Cd2+.  This realization can be immediately related back 
to Equation 7.11, which shows that oxidation of selenide to elemental selenium requires 
protons.  These protons can be directly supplied through the hydration of zinc or 
cadmium ions that are released from the oxidative degradation of ZnSe or CdSe.  
Because these reactions take place on the surface of the nanocrystals, rather than as 
free solutes, the formation of hydrated zinc would be expected to yield a much higher 
local concentration of hydronium ions on the quantum dot surface.  This 
compartmentalized surface reaction can then proceed at a much lower effective pH than 
that of the surrounding buffer.  The high acidity of zinc compared to cadmium would then 
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be expected to favor the generation of elemental selenium over selenates and selenites 
by ZnSe quantum dots, which is in line with experimental observations (Section 7.4.4). 
 
The overall oxidation reactions to elemental selenium can now be balanced as 
 ZnSe + 1
2
O2 + H2O
         
     Zn(OH)
2
 + Seo   Equation 7.14 
 CdSe + 1
2
O2 + H2O
         
     Cd(OH)
2
 + Seo   Equation 7.15 
These equations are independent of the pH of the medium, and the only difference 
between the rate of generation of elemental selenium from ZnSe or CdSe is due to the 
differences in acidity of hydrated zinc ions and cadmium ions.  The reactions still require 
the diffusion of oxygen and water to the surface.  Because water is in excess to oxygen 
by a factor of ~105, the surface concentration of oxygen would be expected to be 
limiting.  It is also noteworthy that although the acidity constant of Zn2+ is 240 times 
greater than that of Cd2+, this is only accurate for the second proton dissociation 
(Equations 7.12 and 7.13).  The dissociation rate constant for the first proton from 
hydrated Zn2+ is roughly 1250 times that of Cd2+.  A simple calculation shows this 
difference in acidity results in a local concentration of hydronium ions that is more than 
10 times higher for ZnSe compared to CdSe.  Although two hydronium ions are needed 
to balance the reaction with selenium oxidation, the release of single protons would be 
expected to push the reaction forward, in accord with Le Chatelier’s principle. 
 
The effect of zinc-induced acidification of the nanocrystal microenvironment will be 
amplified even if other oxidation mechanisms take place (e.g. Equations 7.6 and 7.7) 
due to the requisite release of divalent zinc.  That is, for ZnSe, 
 ZnSe + 3
2
O2 + H2O
         
     Zn(OH)
2
 + SeO3
2− + 2H+ Equation 7.16 
 ZnSe + 2O2 + H2O
         
     Zn(OH)
2
 + SeO4
2− + 2H+ Equation 7.17 
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and for CdSe, 
 CdSe + 2O2 + H2O
         




+ 2H+ Equation 7.18 
 CdSe + 3
2
O2 + H2O
         




+ 2H+ Equation 7.19 
Therefore all of the oxidation reactions that generate divalent zinc and cadmium will 
increase the local pH of the nanocrystals.  Because of the aforementioned higher acidity 
of zinc hydrates, this effect of selenide oxidation to elemental selenium will be 
disproportionately amplified for ZnSe over CdSe. 
 
7.4.5.4 Multistep and Single Step Oxidation Reactions.  Equations 7.6-7.8 suggest that 
the oxidation of selenides can proceed as single reaction steps or as multistep reactions. 
 Se
2−  1 2 O2  
      Se
0     O2   
     SeO3
2− 1 2 O2  
     SeO4
2−
 Equation 7.20 
 Se
2−  2O2      SeO4
2−
 Equation 7.21 
Equation 7.20 describes the mechanism of selenide oxidation as multiple oxidation steps 
leading to the final product of selenate ions in a 6+ oxidation state.  Equation 7.21 
describes the oxidation of selenide to selenate in a single reaction step.  Both 
mechanisms have the same thermodynamic favorability, but the multistep reaction is 
strongly favored kinetically.  This is because the reactions are oxygen-limited, and fewer 
oxygen molecules are needed per reaction.  The single step reaction requires two 
oxygen molecules to react simultaneously with a single selenide to yield one selenate 
ion, which would be an improbable occurrence.   
 
The multistep nature of these surface reactions is evident in the large disparity in 
oxidation propensity of cadmium chalcogenide nanocrystals.  As stated previously, the 
oxidation propensity follows the trend CdTe > CdSe > CdS, with CdS nanocrystals being 
vastly more stable than CdTe nanocrystals under oxidizing conditions.  However the 
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redox potentials for single step reactions (Equation 7.21) follow the trend CdTe > CdS > 
CdSe, and the potentials are very similar for CdTe (2.45 V) and CdS (2.28 V).  These 
trends are only reflected accurately when considering the multistep oxidations, for which 
tellurides have a much higher oxidation potential (1.76 V) than the sulfides (1.09 V), and 
the selenides appropriately fall between these two extremes (1.54 V). 
 
7.4.5.5 Surface Structure Effects.  One major difference between ZnSe and CdSe 
crystals is the smaller bond length for ZnSe (5.668 Å) compared to CdSe (6.052 Å), 
which causes the planar density of atoms on the surface facets of ZnSe to be higher.  
The 12.2% higher surface density of atoms favors reactions between a single oxygen 
molecule and multiple selenium atoms.  Equation 7.8 shows that the reaction 
stoichiometry for the oxidation of selenide to elemental selenium is 2:1 Se2-:O2.  This 
suggests that the distance between adjacent selenium ions is a vital kinetic parameter 
for this oxidative mechanism, compared to the 1:1 stoichiometry of selenite formation 
(Equation 7.7).  The closest distance between two selenide ions on any facet is ~4.3 Å 
for ZnSe and ~4.0 Å for CdSe.  Factoring in atomic radii, this means that there is a 
minimum separation of ~1.7 Å between the electron clouds of surface selenides for 
ZnSe, compared to ~2.0 Å for CdSe.  This distance range is remarkably similar to the 
length of the long axis of O2 molecules (~2.4 Å), meaning that the probability of oxidation 
of two adjacent Se2- ions by a single O2 molecule should be much higher for ZnSe than 
for CdSe.  In addition, because the surface atoms are more closely spaced on ZnSe, the 
density of organic surface ligands is also higher, thus increasing the steric hindrance on 
the nanocrystal surface.  This results in a smaller diffusion space for solutes to reach the 




7.4.5.6 Inhibition of the Oxidation of Elemental Selenium. Although the multistep 
oxidation process is expected to dominate, it is logical that elemental selenium, once 
formed on the nanocrystal surface, would be again oxidized to selenite or selenate.  
However a closer examination reveals that these reactions are inhibited by the local 








         




 Equation 7.22 
 Se
o
 + O2 + H2O
         
    SeO3
2−
 +  2H
+
 Equation 7.23 
Again, Le Chatelier’s principle maintains that the acidic local environment will inhibit the 
further oxidation of elemental selenium to higher oxidation states.  This essentially 
introduces a dead-end to selenium oxidation, ending with elemental selenium.  Selenium 
is highly insoluble in water, and therefore the selenium that is formed will remain 
adsorbed to the nanocrystal surface, eventually precipitating as large solids.  This effect 
should be more prominent for ZnSe over CdSe, because of a larger steric barrier to 
diffusive release of selenium particles  
 
7.4.5.7 Summary.  The methodology outlined in this section shows that the formation of 
elemental selenium from ZnSe nanocrystals is a result of the unique redox chemistry of 
selenium on nanocrystal surfaces and the acidity of zinc hydrates.  The generation of 
localized acidity on the nanocrystal surface causes an amplification of the generation of 
elemental selenium, which reaches an oxidative dead-end due to acidity of the 
microenvironment.  This process is inhibited for CdSe nanocrystals due to the weaker 
acid strength of divalent cadmium and its lower solubility.  These mechanisms 
underscore the fact that the overwhelming thermodynamic favorability of complete 
oxidation of selenium species can be controlled through compartmentalized steric 
control of the reaction and the associated byproducts.  In terms of the biocompatibility of 
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these nanocrystals, the theory outlined herein suggests that it will be necessary to 
eliminate ZnSe domains from quantum dots due to unavoidable production of highly 
toxic elemental selenium.  The use of ZnS should afford greater biocompatibility due to 
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Scattering of light from crystalline lattice planes can be accurately modeled using the 
Debye equation, which sums the intensity of scattering from atomic pairs across the 
entire crystal and averages the scattering over spherical orientations: 
 I q  =   fi(q)ji fj(q) 
sin(qrij)
qrij
 Equation A1 
       q = 4 π 
sinθ
λ
 Equation A2 
I is the coherent scattering intensity at angle θ, f is the atomic scattering factor for atom i 
or j, rij is the distance between the atoms i and j, and λ is the wavelength of light.  This 
equation is tractable for small nanocrystals, and has previously shown great accuracy in 
verifying the structures of nanocrystals with one or more domains.1-4 
 
In this work, a structure was generated by stacking ~20 nm (111) or (0001) planes of 
atoms in zinc blende or wurtzite orientations, respectively.  These structures were then 
pared to the desired size and shape, with phase and stacking fault density dictated by 
the original structure.  The Debye equation was then solved for this structure using the 
DISCUS software package,5 incorporating thermal fluctuations of the atomic positions 
through temperature factors.6  The differences in crystal structure for zinc blende and 
wurtzite are manifested in a few distinct reflections in the diffraction spectra, as depicted 
in Figure A1.  For wurtzite (A), the (0002) reflection at ~27 is a convolution of three 
individual peaks, accounting for its broadened appearance compared to the equivalent 
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(111) reflection in the zinc blende spectrum (C).  In addition, the zinc blende spectrum 
(C) lacks reflections equivalent to the wurtzite (101 2) reflection at ~38 and the (101 3) 
reflection at ~50.  By introducing polytypic defects via stacking faults, each structure 
gradually adds features resembling of the other structure.  For example, adding one zinc 
blende stacking fault in the middle of the wurtzite structure (B) reduces the intensity and 
peak width of the (102) and (103) reflections, and decreases the width of the peak 
convolution at ~27.  Introducing one wurtzite stacking fault into the middle of the zinc 
blende nanocrystal (D) yields a small amount of scattering in the region of (101 3) 
wurtzite reflection.  The addition of 3 stacking faults to the zinc blende nanocrystal adds 
a significant wurtzite character to the spectrum (E), showing the development of a 
distinct (101 3) peak.  The (F) spectrum was generated by averaging 20 different 
nanocrystals to yield a frequency of 0.32 stacking faults per plane, which closely 





Figure A1: Simulations of diffraction spectra of CdTe nanocrystals with wurtzite, 
zinc blende, or polytypic structures.  Nanocrystals were modeled as hexagonal 
prisms with 4.2 nm height and 3.0 nm width.  Pure wurtzite nanocrystals are shown (A) 
as well as ones containing a single zinc blende single stacking fault (B).  Pure zinc 
blende nanocrystals are shown (C) as well as ones containing a single wurtzite stacking 
fault (D).  A single zinc blende nanocrystal with three wurtzite stacking faults is shown in 
(E).  The last spectrum (F) is the average of 20 randomly stacked nanocrystals with a 
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A significant number of published studies have analyzed the effects of strain on the 
optical and electronic properties of lattice-mismatched semiconductor heterostructures,1-
8 as well as strained quantum dot ‘inclusions’ within pseudo-infinite bulk matrices.9-17  
However comparatively few studies have focused on the heteroepitaxial strain within 
free-standing nanocrystals, in which all domains share a significant portion of the 
strain.18-20  Kolenbrander and coworkers developed the most rigorous and suitable strain 
model for the nanocrystals prepared in Chapter 4, based on elastic modeling of 
concentric spheres.19   This approach is used to model heteroepitaxial strain in such 
systems in Chapter 4, and is described further in this appendix.  The pressure across the 
interface between the two concentric spheres with inner radius rc (core) and outer radius 
rs (shell) is 
 p = 
3Es
3(1-𝑣s)










 Equation B.1 
where the subscript ‘s’ corresponds to the material of the shell and ‘c’ corresponds to the 
material of the core, E is Young’s modulus, ν is Poison’s ratio, ϵ is the constrained strain 
for concentric spheres: 





 Equation B.2 
where K is the bulk modulus, μ is the shear modulus, a is the lattice constant, and m is 
the elastic mismatch parameter, 
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 m = Es
 1 - νs 
×  
 1 - 2νs 
Es
-
 1 - 2νc 
Ec
  Equation B.3 
 
The hydrostatic stress on the core can then be expressed in spherical coordinates as  
 σrrc  = σθθc  = σφφc  = -p Equation B.4 
The anisotropic stress on the shell is different in the radial and tangential directions, and 
depends on the distance from the particle center, r: 












  Equation B.5 
















  Equation B.6 
The stress can then be used to directly calculate the strain in the radial and tangential 
directions for the core and shell materials using the bulk modulus and Young’s modulus.  
We note that II-VI semiconductors are somewhat anisotropic materials, and Young’s 
modulus is therefore different for different lattice directions.  The selection of appropriate 
values for this parameter is crucial for accurate calculations, although these calculations 
are only accurate when assuming isotropic materials parameters. 
 
The elastic strain energy for the core material is 
 EEc  = 12 ( 3 σrr
c
 εrr




3 )  Equation B.7 
The strain energy for the shell is 






s ) (4 π r2 dr)
rs
rc
  Equation B.8 
Therefore the energy of elastic strain for the entire nanocrystal is 
 EE = π rc
3 p2   
 1 - 2νc 
μc 1+ νc 
 + 
 1 - 2νs 









2μs 1 - rc
3  rs
3  
    Equation B.9 
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The lowest energy coherency defect is predicted to be that of a single dislocation loop at 
the interface between the core and shell with the same radius as that of the core.  The 
energy of the dislocation loop is  
 EDL = 2 π rc  
 b 2 2μsμc (μs+μc) 
4π(1- νs)
 ln  
8αrc
 b 
-1    Equation B.10 
where α is the dislocation core parameter and |b| = 1/2<110>s is the burgers vector of 
the dislocation loop.  The dislocation core parameter is typically given a value of 4 for 
tetrahedral semiconductors.9,19,21,22  The elastic energy relieved by dislocation loop 
formation is the interaction energy: 
 EInteraction = - π rc2 p  b    Equation B.11 
The critical radius for shell thickness is that which the elastic energy of the coherent 
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Absorption spectra in the range of 300-900 nm were measured on a Shimadzu UV-
2401PC scanning spectrophotometer with 1.0 nm slit widths.  Absorption spectra from 
850-1700 nm were measured using a NIR-512 spectrometer from Ocean Optics with a 
tungsten halogen lamp.  Photoluminescence spectra were acquired using either a SPEX 
FluoroMax-2 spectrofluorometer or a spectrofluorometer from Photon Technology 
International.  For the latter instrument, a xenon lamp was used for excitation, and the 
detector was a photomultiplier tube for the spectral range 400-850 nm, and an InGaAs 
detector was used for the range 850-1600 nm.  Quantum yield was measured by 
comparison to Atto dyes (520, 565, 610, or 680) dissolved in ethanol. All samples and 
standards were diluted to an optical density of 0.05 at the excitation wavelength, the 
emission spectra were integrated, and quantum yield was calculated after correcting for 
solvent refractive indices.1  Time-resolved fluorescence decay spectra were obtained 
with excitation from a 478 nm pulsed diode laser.  A spectrometer was used to resolve 
the peak emission wavelength, detected using a photomultiplier tube.   
 
Zeta potential measurements were recorded with a Malvern Zetasizer Nano ZS90, with 
all samples in pH 8.5 borate buffer or pH 7.4 phosphate nuffer.  Dynamic light scattering 
data was obtained using a Brookhaven 90Plus Particle Size Analyzer.  Before analysis, 
nanoparticle samples (1-100 μM, depending on the core size) were first centrifuged at 
7000g for 10 minutes and then filtered through a 0.2 μm filter.  Ultracentrifugal isolation 
of aqueous solutions of nanocrystals was performed on a Beckman Coulter Optima TLX 
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Ultracentrifuge, typically at 100,000 rpm for 1 hour.  Gel filtration chromatography was 
performed on a Superose 6 10/300 GL column, with 280 nm absorption monitored on an 
AKTAprime plus system (GE Healthcare).  The flow rate was 0.5 mL/min and the 
following protein standards were used for molecular weight determination: Ferritin (440 
kDa), Aldolase (158 kDa), Ovalbumin (43 kDa), and carbonic anhydrase (29 kDa).   
 
For transmission electron microscopy, 5 μL of sample was dropped onto formvar/carbon 
200 mesh TEM grids.  Basic transmission electron microscopy was performed by Dr. 
Hong Yi using a Hitachi H-7500 TEM at the Electron Microscopy Core Facility at Emory 
University. High resolution TEM was performed by Dr. Amar Kumbhar using a Hitachi H-
9500 at the Clemson University Electron Microscopy Facility, or by Dr. Yong Ding using 
a JEOL 4000EX at Georgia Tech.  X-ray diffraction spectra were measured using a 
Bruker SMART 1000 CCD/Hi-Star dual-detector diffractometer, with a cobalt X-ray 
source.  Inductively-coupled plasma-mass spectrometry (ICP-MS) was performed with a 
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